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ABSTRACT

Luntinen, Miha

Consecutive Transients Method

for Plasma Diagnostics of

Electron Cyclotron Resonance lon Sources

Electron cyclotron resonance ion sources (ECRISs) have been pivotal for modern experi-
mental nuclear physics in extending the range of known nuclides on the nuclear chart. In
recent years, the use of radioactive ion beams (RIBs) of highly charged heavy ions has
become vital for nuclear physics research. Many of the isotopes have half-lives shorter
than 1 s, and as the half-lives decrease nuclear decay begins to degrade the RIB intensity.

ECRISs are used as charge breeding devices for RIBs: The ECRIS is modified
to accept an input beam of low charge state ions, produced e.g. by the ISOL-method.
The injected ions are captured by the magnetically confined plasma sustained in the ion
source, and subsequently ionized to high charge states via multiple collisions with the
plasma electrons. The ions exit the plasma stochastically, and a portion of them become
available for beam formation and are extracted from the ion source by means of electric
fields for post-acceleration.

To meet the challenge of producing RIBs with ever shorter half-lives, ECRIS re-
searchers require advanced plasma diagnostic methods to study the charge breeding times
and the underlying physical processes. In this thesis, we present the Consecutive Tran-
sients (CT) method developed for this purpose. It extends the continuum of transient ma-
terial injection methods dating back to the 1990s. Like its predecessors, the CT-method is
based on pulsed injection of material into the plasma, and study of the time series of the
extracted beam currents arising as a consequence. It improves the previous methods by
implementing a model based data analysis, which minimizes the number of assumptions
— importantly, it requires no presupposed model for ion confinement. We describe the
derivation of the model, the computational procedures, and the experimental campaigns
undertaken to establish and test the method.

The plasma electron density 7, and average energy (E,), and the characteristic times
of ionization T,,, charge exchange T.x and ion confinement T.,,¢ are obtained as results.
We show that the CT-method is sensitive enough to study variations in these plasma pa-
rameters as the ECRIS operating condition is changed, and to identify bottlenecks in the
charge breeding process. The hierarchy of Tconf, Tinz, Tex for highly charged ion produc-
tion is refined. The uncertainty sources are investigated, and avenues for the improvement
of result precision are identified.

It was found that n, ~ 5 x 10em™3, (E,) ~ 100 eV-1 keV. The characteristic
times ranged from 1 ms to ~ 10 ms. All plasma parameters were found to be charge state
dependent, reflecting the spatial distribution of ion populations in the non-equilibrium
plasma.

Keywords: ECRIS, Charge Breeding, Ion confinement, Ionization, Charge exchange



TIIVISTELMA (ABSTRACT IN FINNISH)

Luntinen, Miha
Perikkdisten transienttien diagnostiikkamenetelmi
elektronisyklotroniresonanssi-ionildhdeplasmoille

Elektronisyklotroniresonanssi-ionildhteet (ECRIS) ovat olleet avaintekijind modernin ko-
keellisen ydinfysiikan laajentaessa ydinkartan tunnettujen ydinten kirjoa. Viime vuosina
korkeasti varattujen radioaktiivisten raskasionisuihkujen (RIB) kidytostd on tullut tirkeda
ydinfysiikan tutkimuksessa. Néididen isotooppien puoliintumisajat ovat usein lyhyempia
kuin 1 s, minki seurauksena ydinhajoaminen alkaa heikentid suihkun intensiteettii.

ECRIS:jd kéytetdin varauksenkasvattajina RIB:ille. Télloin ECRIS muokataan vas-
taanottamaan esimerkiksi ISOL-menetelmalld tuotettu matalavarauksinen ionisuihku. Ion-
ildhteen magneettisesti vangittu plasma kaappaa sinne syotetyt ionit, jotka ionisoituvat
korkeille varausasteille torméyksissd plasman elektronien kanssa. Ionit poistuvat plas-
masta satunnaisprosessin kautta, ja osa niistd péityy alueelle, josta ne péityvit osaksi
hiukkassuihkua ja edelleen jatkokiihdytettaviksi.

Jotta voitaisiin varmistaa entistd lyhytikdisempien RIB:ien tuottaminen, ECRIS-
tutkijat tarvitsevat kehittyneitd plasmadiagnostiikkamenetelmié varauksenkasvattamisaiko-
jen, seki nithin vaikuttavien fysikaalisten prosessien tutkimiseksi. Téssd véitoskirjassa
esittelen tétd tarkoitusta varten kehitetyn peridkkiisten transienttien (CT) menetelmaén.
Se on 1990-luvulle ulottuvan transienttisten materiaalisyottomenetelmien jatkumon uusin
jasen, joka parantaa aiempia menetelmid hyodyntdmélldi mallipohjaista data-
analyysimenetelmdd. Menetelmén taustalla on aiempaa vihemmin oletuksia — erityis-
esti ionien sdilontdmallia ei tarvitse etukiteen olettaa. Kuvailen mallin teoreettisen jo-
htamisen, laskennalliset menetelmit, sekd menetelmin kehittimiseksi ja testaamiseksi
suoritetut mittauskampanjat.

Menetelmén tuloksina saadaan plasman elektronien tiheys 7, ja keskienergia (E,),
sekd ionisaation, varauksenvaihdon ja ionien sédilonnédn karakteriset ajat (Tinz, Texs Tconf)-
Osoitan, ettd CT-menetelmi on riittdvidn herkkd havaitsemaan niiden plasmaparametrien
muutoksia ionildhteen operointiparametreja sdddettdessi, seki paljastamaan pullonkauloja
varauksenkasvatusketjussa. Tarkennan korkeasti varattujen ionien tuoton vaatimaa hier-
arkiaa Tj,,, Tex, Ja Teonf VAlilld. Tarkastelen menetelmén epdvarmuuslihteitd, ja tunnistan
keinoja tulosten tarkkuuden parantamiseksi.

Tulokset néyttivit, ettd tyypillsesti 7, ~ 5 x 10 em™3, ja (E,) ~ 100 eV-1 keV
CB-ECRIS plasmassa. Karakteristiset ajat vaihtelevat vililld 1 ms ja noin 10 ms va-
rausasteen funktiona. Kaikkien plasmaparametrien havaittiin olevan varausasteriippu-
vaisia, miki kertoo ionipopulaatioiden avaruudellisesta jakaumasta plasmassa, jossa val-
litsee termodynaaminen epétasapainotila.

Avainsanat: ECRIS, Varauksen jalostaminen, Ionien séilonti, Ionisaatio, Varauksenvai-
hto
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INTRODUCTION

Laboratory experiments on nuclear physics consist of bombarding a target nucleus
with a projectile nucleus which has been accelerated to an energy high enough to cause
a reaction (such as fission, fusion or Coulomb excitation), whose properties, e.g. emitted
particles and radiation, nuclear mass, size, shape, or half-life are then studied by the nu-
clear physicists. These particles are produced using an ion source. A popular source for
medium to highly charged heavy ions in such a setting is the Electron Cyclotron Reso-
nance Ion Source — ECRIS [1].

The ECRIS has found its place in the industrial and medical applications as well,
serving e.g. as a reliable ion source for cancer treatment using heavy ions [2]-[4]. Its
operation is based on the magnetic confinement, and microwave heating of the plasma’
electrons and stepwise ionization via electron impact. ECRISs are able to produce stable
and intense beams of medium to high charge state heavy ions with high efficiency, and the
high quality of the output beam can be maintained continuously for hundreds of hours [5],
[6].

In recent decades, the nuclear physics community has geared towards the use of
radioactive ion beams (RIBs) [7]. They enable, for example, further exploration of the
properties of nuclei in the yet unexplored regions of the nuclear chart, critical to the devel-
opment and testing of fundamental nuclear theories for the modeling of nucleosynthesis
of heavy elements in neutron stars [8]. More recently, an ECRIS-based concept has been
developed for the study of nuclear decay (among other things) in conditions approximat-
ing the stellar environment [9], [10]. This is of great interest to nuclear astrophysics, as
certain otherwise stable isotopes (e.g. ®3Dy) become radioactive when ionized to high
charge states [11].

Many isotopes of interest are not available naturally on Earth as they have short
(order of 1 s and less) half-lives. Instead, they need to be produced in conjunction with
the experiments, and in some cases subsequently accelerated to attain an energy required
by the experiment. This needs to happen within a time span short compared to the half-
life — lest radioactive decay renders the number of particles produced too small to enable
the experiment.

Acceleration of the RIBs to the energy range required for the nuclear physics exper-
iments with existing accelerators requires the particles to be ionized to a medium to high
charge state. This is because in a linear accelerator the kinetic energy (per unit length)
obtained for an accelerated particle scales proportionally to the charge state g, and in a
cyclotron in proportion to qz /m. A machine is therefore needed which takes as its in-
put a relatively low intensity beam of singly charged radioactive particles, rapidly ionizes
them to a medium to high charge state, and outputs intense, stable beams. One solution
is employing the ECRIS as a “charge breeder” between the source of radioactive, singly
charged ions and the accelerator.

As the isotopes in the RIBs depart from the valley of stability, their half-lives de-
crease. In order to produce high intensity charge bred beams with ever shorter half-lives

1 Plasma — “the 4 state of matter” — is a conglomerate of ions, electrons and neutral atoms and/or

molecules, whose dynamics are dominated by electromagnetic effects.
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the performance of ECRISs needs to be continually enhanced. In particular, knowledge
of the time scales involved in the production of different ionic charge states for various
isotopes are necessary to estimate the yields of RIBs, and to guide the operation and devel-
opment of the ion source. The Consecutive Transients (CT) diagnostics method presented
in this thesis has been developed for this purpose.

The CT-method is based on pulsed injection of a stable isotope (often used as a
proxy for a radioactive isotope of the same species) into a plasma sustained in the ECRIS.
The extracted higher charge state beams’ time series are taken as inputs of the CT-method,
while the control signal of the injected 1+ pulse is used as a timestamp for the transients
to set tgp = 0 s. A model based optimization procedure is then used to seek out the elec-
tron density and average energy, as well as the characteristic times of ionization, charge
exchange and ion confinement compatible with the time series. The electron density and
average energy are attributes of the support plasma, which — along with other ion source
properties such as the magnetic field structure — are considered to fix the characteristic
times of the probe species.

This thesis is organized as follows: In Section 1 we present the basic functioning
of the ECRIS as a source of multicharged ions, and the physical foundation required for
understanding the data analysis. Sections 2, 3, and 4 relate to the CT-method itself: The
balance equation underlying the analysis is elaborated in Section 2, while the general
experimental arrangements for the application of the method are detailed in Section 3.
The structure of the code developed to handle the model based data analysis is presented
in Section 4. The experimental campaigns that were undertaken to establish the CT-
method are presented in Section 5 along with the key results derived from them. Section 6
concludes the thesis with a review of the method, its application and future outlook.



1 THE ELECTRON CYCLOTRON RESONANCE ION
SOURCE

Figure 1 shows a schematic view of the ECR ion source. Electrons in an ECRIS
are trapped in a magnetic bottle, typically formed as a superposition of two solenoidal
magnetic mirrors at the ends of the plasma chamber! and a hexapole field providing radial
confinement, which form closed magnetic field isosurfaces. The field is designed to fulfill
the so-called “scaling laws” [12], i.e. a set of semi-empirical rules for the magnetic field
structure which have been found to ensure a good performance of the source — i.e. higher
intensity beams of highly charged ions. The magnetic field intensity B decreases towards
the center of the plasma chamber until a minimum value B;,. Newest generation of
ECRISs use superconducting coils to enable higher frequency ECR heating, allowing a
higher plasma density to be achieved.

Microwaves are injected into the plasma chamber typically via a wave guide. The
microwave frequency is selected based on the magnetic field configuration so that on
one of the isosurfaces (called the ECR surface) the electron gyromotion about the field
lines is in resonance with the electric field. When this condition is met, efficient energy
transfer from the electric field to the electrons can occur, while ions remain relatively
cold. The heating improves the magnetic confinement of the electrons (until very high
energies, where RF-induced pitch angle scattering begins to degrade the confinement)?,
which leads to an accumulation of energetic electrons inside the ECR surface. This hot
electron population is important for the electrostatic trapping of highly charged ions, as
discussed in Section 1.5.

The electrons whose energies exceed the ionization potential of the vaporous atoms
fed into the plasma chamber begin to strip these atoms off their electrons in a stepwise
manner via electron-impact ionization. This stepwise ionization is contested primarily by
charge exchange between ions and neutral atoms, which necessitates a low pressure of
the injected gas. The produced ions leak out of the plasma at a rate governed by their
confinement time, and the portion of ions that are lost into the extraction region, become
available for beam formation. The ion source is maintained at a constant, positive high
voltage of some tens of kilovolts which accelerates the lost ions along the beamline and
towards post-acceleration.

In the following sections we provide some physics background for the ECRIS op-
eration summarized above, before describing the use of ECRIS as a charge breeder for
radioactive ions. We then discuss the problem of ECRIS plasma diagnostics and give a
brief review of other transient methods as a segue to the CT-method. For further and more
in depth reading on the topic of ECR ion sources, we guide the reader to Refs. [1], [15]
and references therein. The charge breeding relevant sections are recapitulations from the
comprehensive review presented in Ref. [16].

Multiple coils may be used, but the simplest configuration relies on two coils only.
2 See e.g. Refs. [13], [14] and Section 1.2



FIGURE 1 Schematic of the ECRIS and its core components: (1.) the solenoids and (2.) the per-
manent magnets forming the magnetic field structure, (3.) the plasma chamber, (4.)
the extraction electrodes, (5.) the plasma, whose electrons are heated by microwaves
supplied via (6.) the waveguide, and (7.) a pipe for neutral gas input.

1.1 ECR heating

The detailed ECR heating process is complicated from both a physical and math-
ematical point of view, and the interested reader will find a comprehensive account of
ECR heating and its intricacies in Ref. [1]. The following exposition summarises its key
features.

The plasma electrons are heated by microwaves, launched into the magnetic field
within the plasma chamber typically via a waveguide. The heating microwave frequency
f is selected based on the design of the magnetic field, so that on one of the B-isosurfaces
(termed the ECR surface, Bgcr) the condition

eB

b
nie’y

271 f = Wee = (1)
is met, i.e. the electron orbital motion at angular velocity w,, around the magnetic field
lines is in resonance with the oscillating electric field of the microwave. Here, 7y is the

Lorentz-factor
02 -1/2
()"

This gives for the ECR surface that
Bgcr = 27tfyme/e. 3)

For electrons, 7y exceeds 1.05 at energies above ~ 25 keV. Given a (classical) Maxwell-
Boltzmann EED with kT = 5 keV (typical for warm electrons in an ECRIS plasma), the
fraction of particles with energy above 25 keV is less than 2 %. Classical equations may
thus be used to a good approximation, but it should be kept in mind that electrons in an
ECRIS may obtain relativistic energies. This affects e.g. the location of the ECR surface,
as can be seen from Eq. (3).

In a simplified model, the plasma can be considered a high-pass filter for mi-
crowaves [1]. The microwave propagation through the plasma is then constrained by



(a) (b)
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FIGURE 2 Illustration of an electron entering the ECR in (a) an accelerating phase, and (b) a
decelerating phase. The magnetic field points out of the page, and the arrowheads
indicate the direction of motion of the electron. The work done by the electric field
on the particle is greater in case (a) than in case (b).

the condition

7N\ 1/2
27Tf > wpe = (nee ) 4)

EoMie
where € is the vacuum permittivity and the 7y-factor is omitted. The wpe is the plasma
electron frequency [1], which describes the oscillatory motion of the electrons with re-
spect to the ions arising due to the Coulomb attraction between them. We stress that this
is an intentional oversimplification and in reality the wave propagation is affected by the
magnetic field and polarization of the microwave. In particular, a right-hand polarized
wave which propagates parallel to a decreasing magnetic field can reach the ECR reso-
nance regardless of the plasma density. This makes it possible to attain plasma densities
in excess of the critical density, 1.e. an overdense plasma [1]. In a minimum-B ECRIS
the magnetic field is complex, and thus fulfilling this condition is non-trivial. In partic-
ular, in the case of a 14 GHz ECRIS, where the plasma dimensions are comparable to
the wavelength of the microwave, it is debatable whether we have a propagating wave
or whether it is better modeled as a damped resonant cavity [17]. With these caveats in
mind, Eq. (4) provides a good approximation for the upper limit of the electron density

for a given frequency f:
2
ne < W = Mo, ©)
which defines the critical density n... As an example, 1., for 14.5 GHz microwaves
is 2.6 x 102cm™3. As can be seen from Eq. (5), the maximum plasma density scales
with the square of the heating frequency. In existing ECR ion sources, these frequencies
range from 2.45 GHz to 18 GHz for room temperature sources, and up to 28 GHz for
superconducting sources [18].
Depending on the phase difference between the cyclotron motion of the electron and
the electric field of the microwave, the electron will be either accelerated or decelerated as
it enters the Bgcr. The electrons which get accelerated will have a larger cyclotron radius
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around the field line and, consequently, a longer orbit than those that get decelerated —
as illustrated in Fig. 2. This results in more work being done on the electrons that gain
energy than the amount of negative work done on the ones that lose energy, resulting
in a net energy gain and a stochastic heating of the plasma. As a consequence of the
heating, there arise two or three electron populations with distinct temperatures [19], [20],
acold 5eV S (E.) < 50eV), warm (1 keV < (E,) < 10 keV) and a hot (10 keV
< (Ee) < 100 keV) population [19]-[25]. The EED is often assumed to be described by
a classical Maxwell-Boltzmann distribution which, as a function of speed v, is:

m 3/2 o _m?
g(v) = <m) 47tvTe” 4T, (6)

where m is particle mass and T the temperature of the population which can be shown
to be related to the average energy by (E) = 3T /2. The validity of this assumption is
important for the CT-method, since the EED needs to be specified for the analysis (to
compute the ionization rate coefficients). The consequences are discussed in Section 5.2.

It is shown in Ref. [13] that the energy gain to the parallel and perpendicular ve-
locity components (w.r.t. the magnetic field), as the electron exchanges energy with the
microwave, are given by

AUH = —— 7 (7)
me Z)4> w UH
E 0
Asze—(l——”) S ®)
ur ’04; w ’OH

respectively. Here «’ is the derivative of the cyclotron frequency w, axially i.e. the
electron cyclotron frequency is expanded as w, =~ w(zg) + w' (z — zR), where zp is the
location of the resonance. The phase velocity of the microwave is vy and E is the electric
field. It can be deduced from Egs. (7) and (8) that

AUJ_>AU”<:>'U¢>UJ_+UH, 9

meaning that at velocities less than the phase velocity of the microwave, the energy gain
is to v mainly. At higher velocities the heating will mostly increase v, which causes
diffusion into the loss cone in velocity space. This is referred to as RF-induced pitch
angle scattering.

Due to the selective heating of the perpendicular velocity component, the electron
velocity distribution can be strongly anisotropic, i.e. (v ) > <UH > As a consequence,
the ECRIS plasma is predisposed to kinetic (electron cyclotron) instabilities [26]—[30],
which arise under certain operating conditions — the threshold between stable and un-
stable modes being mainly determined by the solenoidal magnetic field [26]. These in-
stabilites are driven by the hot electrons [26], whose transverse momentum is released
during the instability [31]. The onset of the instability is marked by increased microwave
and x-ray emission from the plasma, followed by a burst of electrons from the plasma. In
the extracted beam current the instability manifests as large amplitude oscillations with
a period of a few milliseconds, i.e. the period of the instability [28], [30]. Owing to
the fluctuating plasma density it is paramount to ensure a stable operating mode when
applying the CT-method.



1.2 Magnetic confinement of electrons

To model charged particle confinement in a magnetic bottle, consider a particle with
charge Q and mass m orbiting about a magnetic field line in a spatially slowly varying
field B. The gyromotion of the particle forms a current loop

|Qlwe
I = , 10
27 (10
where w, is the cyclotron frequency
B
=198 (1D
m
The current loop encloses an area A = 71p?, where py, is the Larmor-radius
v
pL=— (12)

= o
Here v | is the velocity component perpendicular to B. We can write for the kinetic energy

W
W= WJ_—l-WH (13)

dividing the kinetic energy to W, and W” associated with the particle velocity perpen-
dicular and parallel to the magnetic field, respectively.

The current loop has an associated magnetic dipole moment whose magnitude is
(using Egs. (10), (11), and (12))

_W

p=lil=14A=—

(14)
As per the right hand rule, the dipole moment ji caused by I is opposite to the B-field?.

Magnetic confinement is also predicated on the condition that the gyrofrequency of
the charged particle be much greater than the collision frequency — otherwise the mag-
netic dipole moment is not well-defined as frequent collisions would perturb the helical
particle orbit. In other words, magnetic confinement requires that

We > Weolls (15)

where w1 incorporates all collision channels which might disturb the particle trajectory,
and depends on the energy of the collision via the cross section. For (warm and hot)
electrons in an ECRIS, this condition is met under normal operating conditions [1].

In the absence of collisions and electric fields ¢ and W are conserved [1], [32]. For
the parallel component, then

W) (x) = Wo — uB(x). (16)

One can see that the WH is expended as the particle moves towards increasing B — mean-
ing that the parallel velocity component decreases and the electron may be reflected if it

3 This is the cause of the diamagnetic property of plasma.
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becomes zero. From Eq. (16) it is apparent that a particle with a greater y will be reflected
at a lower B. The point of reflection is called the mirror point of the particle, and as a
consequence of the ECR heating the mirror points of hot electrons are shifted towards the
Bgcr, i.e. the plasma core.

Defining the pitch angle « between v, and v so that

v, = vsin(x)

{v| = vcos(a) (17

we have that ;
W, = Emvi = Wy sin?(«) (18)

and the magnetic moment may be written

W, Wpsin®(a)
P=" =7 B

19)

Hence, from the conservation of y, it can be shown that as the particle moves from point
X1 to x»
sinz(txl) - B(Xl)
sin?(ap)  B(x2)
If the minimum of B is at x1, and the particle is reflected at the throat of the magnetic
mirror at x, i.e. W (x2) =0and ap = 71/2, we get

Bmin 1
i = =4/ = 21
sin(a1) = 4/ B, VR (21)

where R is the so-called mirror ratio. The angle «q is then the minimum pitch angle for a
particle to be confined. Any particles with pitch angles smaller than a1 will escape.

The angle aq defines a loss cone in velocity space: particles outside the loss cone
will remain magnetically confined until their pitch angle is modified (e.g. by collisions
or RF-induced pitch angle scattering) so that they enter the loss cone, at which point they
rapidly escape confinement. Contrarily, ECR heating mainly increases the component
v |, transferring the electron farther from the loss cone and improving confinement. The
loss cone is illustrated in Fig. 3.

Cold electrons experience frequent collisions with neutrals, which rapidly scatter
them into the loss cone, resulting in a positive plasma potential ¢ which retards electrons
and accelerates ions. Note that in the presence of a plasma potential ¢ > 0, the loss
cone is truncated so that only electrons with large enough speeds can leave the plasma.
The fluxes of positive and negative charge thus equilibrate, and the quasi-neutrality of
the plasma is maintained. This is further discussed in Section 1.5. Hot electrons are
magnetically well confined, residing far outside the loss cone due to their large v | . They
are located mainly inside the ECR surface, improving the confinement of ions within the
core plasma (see Section 1.5). They also experience relatively few collisions and are
thus not easily scattered into the loss cone. Their confinement is primarily affected by
RF-induced pitch angle scattering and kinetic instabilities [28]-[30].

(20)
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FIGURE 3 Loss cone in velocity space.

V=w+W

1.3 Collisions in an ECR plasma

Collisions between the different particles which constitute the ECRIS plasma are
a key part of both the plasma confinement and the production of multiply charged ions:
Collisions disrupt the confinement of electrons and depending on the plasma conditions
they either improve or worsen the confinement of ions, as discussed in Section 1.5. The
balance equation, which lies at the heart of the CT-method, is a zero-dimensional* model
for ion production based on collision processes between plasma particles. The balance
equation is introduced in Section 1.4. In the following we list the collision processes
relevant for ion production in ECRIS plasmas, loosely following Ref. [15].

The plasma particles, neutral atoms, ions and electrons, are in constant motion and
their mutual interaction affects the particle trajectories and energies — elastic collisions
— but possibly also the internal state(s) of the interacting particles — inelastic collisions.
A collision between particles A and B may increase the energies of the electrons bound
in the atomic electron shells, a process referred to as excitation:

A+B—>A+B" - A+B+v (22)

where B* denotes B in an excited state. Long lived excited states are referred to as iso-
meric states. Excitation states decay emitting photons () which are useful for e.g. optical
diagnostics [33], [34].

If the collision imparts a sufficient amount of energy onto a bound electron, the
resultant energy may exceed its binding energy (i.e. the ionization potential), freeing the

4 Le. it is independent of spatial coordinates.



10

electron and ionizing the target. For example an electron® colliding with an ion of charge
state g:
e” + AT — AT 420 (23)

The ionization may also proceed via an autoionizing excited state:
e” + AT AT T — AT 4207, (24)

1.e. through an unbound excitation state, which spontaneously emits an electron and is
typically short-lived. Multiple ionization, i.e. ejection of k > 1 electrons, in a single
impact, is also possible:

e~ + AT = AT L (1 4+ k)e™ (25)

although decreasingly likely with increasing k.

It is also possible for the colliding particles to exchange one or more electrons in
a process termed charge exchange. Due to the Coulomb repulsion between like-charged
ions and the increasing binding energy of the electrons, this process is most probable
between neutral atoms and ions. The general charge exchange process can be written:

AT+ BS — ATHK 4 BsTk (26)

where k > 1, but the transfer of just a single electron is most probable.
It is also possible for an ion to capture a free electron, if the electron velocity is less
than that characteristic of the orbital electrons. The recombination process proceeds as:

e+ AT AT 4o 27)

with the emission of a photon 7.
Probabilities, rates and rate coefficients.’

Figure 4 shows an electron flux impinging on a target of stationary collision cen-
ters’. The electron flux density
r — neve (28)

where 71, is the electron density and v, is the speed of the electrons. The density of
collision centers being #; and the thickness of the target dx we can write

dl' = —Ton;dx (29)

where o is the cross section of a collision center. The cross section measures the prob-
ability of a given event to occur, and it can be understood geometrically to represent the
cross sectional area as seen by the impacting projectile defined by

o= npz, 30)

Ton-impact ionization is possible in principle, but in an ECRIS the ions do not attain energies high
enough to play a significant role in ionization.

Treatment adapted from Ref. [35]

To a good approximation, ions in an ECR plasma can be taken to be stationary compared to electrons,
as the ion energies are much lower than those of electrons — on top of being at least three orders of
magnitude more massive.
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FIGURE 4 Illustration of an electron flux I' impinging on a target of collision centers having a
width dx.

where p is the maximum size of the impact parameter with which the event may still occur.
The cross section (the maximum p) is dependent on the relative speed of the interacting
particles. In the case of the stationary collision centers (v; ~ 0) the relative speed may be
replaced by v.. From Eq. (29) one solves

[(x) = Tpe™7"* (€29)

i.e. the flux decays as it impinges into the target. The mean free path is defined through
the constant

A= (on) ! (32)

and inherits the speed dependence from the cross section.
It is possible to define a collision rate (i.e. the inverse of the mean time between
collisions, T) based on the relative speed v and the mean free path:

v=1/t=v/A = nov. (33)

Suppose then that the electron energy within the flux is described by a distribution func-
tion ¢. The average collision rate can be computed as an average over the speeds:

(v) =n; /OOO ¢(v)o(v)vdv = n; (o) (34)

where the distribution average of 0o

(ov) = /Ooog(v)a(v)vdv (35)

is referred to as the rate coefficient. Here the normalization of the distribution g is taken
as

/O g(v)dv =1 (36)

but it can be normalized equally well such that an integral over the speeds gives the elec-
tron density 7,, as is often done in the literature.
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1.4 Multiply charged ion production

As the electrons gain kinetic energy, they become able to break up the molecules
and ionize the atoms of the neutral gas (e.g. O,, He, Hp, Ar ...) which is fed into the
plasma chamber. The ionization proceeds in a stepwise manner, and is counteracted by
charge exchange between ions and neutral atoms. The charge state distribution (for a
given species of ion) within an ECRIS plasma is modeled by the balance equation [36],
[37]

dnf inz g—1 inz q
q e <0’Z)>q_1_>q nl™ —n, (av>q_>q+1 n
;X%qfl n1 Vge€{0,12,...,Z} (37)

CX

1
g+1l—g n™ — no <07)>

ng (ov)
n4
chonf

which defines a set of coupled differential equations over all charge states g up to Z i.e.
the proton number of the species. The coupling is illustrated in Fig. 5. Equation (37) (or a
variation of it) is the basis of the transient methods for plasma diagnostics in Refs. [38]-
[42] and has been used in simulations of ion charge state distributions in ECRIS plas-
mas [36], [37], [43], [44].

Equation (37) describes the time evolution of the ion density n7: The charge state q
is supplied by stepwise electron-impact ionization from lower states at a volumetric rate
e <Uv>;nfl g ni~! and charge exchange between ions and neutrals from higher states

at a volumetric rate 1y (00)

g+1—q '
higher states and charge exchange to lower states at volumetric rates 7, <av>:1“i g+1 n1 and

1 11, respectively, as well as by ion losses from the plasma, which are encap-

sulated in the loss term n7/ Tgonf. The loss term defines the ion population confinement
time Tgonf, comprising all possible ion loss channels (see Section 1.5). In steady-state ion
losses are in balance with ion production, and Eq. (37) yields zero. Note that this requires
a steady supply of material into the plasma.

In conditions relevant for ECRIS operation, the aforementioned five channels are
most relevant for ion production. A more precise model would have to account for (i)
double ionization (§ — g -+ 2) and higher; (ii) electron-ion recombination; (iii) charge
exchange between ions; (iv) wall recycling, i.e. ions previously lost from the plasma
being sputtered back into the plasma as neutral atoms; and (v) 1onization from metastable
excitation states. It also needs to be noted that the balance equation is inherently a zero-
dimensional model which does not account for any anisotropies in particle or energy
distributions.

To a good approximation (i) may be neglected, as the cross section for the double
ionization process is usually at least an order of magnitude lower than that of single ion-
ization, and the cross section for the ejection of 3 or more electrons is even smaller [45].
Recombination (ii) does not play a significant part in conditions relevant for ECRIS oper-
ation owing to the low cross sections at the relevant energies [45]. It may, however, affect
the production rates of very highly charged ions: For example, the total recombination

n7t1. The population is depleted by ionization to

1o <av>;’;q7
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FIGURE 5 Schematic of the stepwise ionization process described by the balance equation.

rate coefficient for Ar'®+ at 10 keV electron temperature (MB distribution) is roughly
10712 cm3s~1 [46], which is on the same order of magnitude as the ionization rate coef-
ficient of Ar'”* [47] at the same temperature. Ion-ion charge exchange (iii) is suppressed
compared to ion-neutral charge exchange due to the combined effects of the Coulomb re-
pulsion between the two positive ions, and the increase of the binding energy of the outer
electrons for higher charge states. Wall recycling (iv) can be ignored when millisecond
pulses of a metallic element are introduced — as is the case in the experimental cam-
paigns pertaining to this work — since the contribution to the extracted beam from wall
recycled metals remains small even after weeks of conditioning [48]. The presence of
metastable excited states (v) can boost the ionization probability of some charge states if
the metastable state has a lifetime on the order of magnitude of the average time between
ionizing collisions. Such long-lived states are rare, but may be populated in the plasma,
and emissions from these states can be probed by spectroscopic methods [49].

The Golovanivsky plot

Ion production in the ECRIS occurs mainly through stepwise ionization (from one
charge state to the next) via multiple consecutive electron-ion collisions [1]. Golovanivsky [50]
expressed the condition for the production of charge state g ions as

, -1
neTd o > [(az));niqﬂ} (38)

Here n, is the electron density, chonf the ion confinement time, 0 = (72,‘5 g+1 the cross
section of electron-impact ionization from charge state g to g + 1, and v is the relative
speed between the electron and ion®. The rate coefficient is computed as an average
over the electron energy distribution (EED), which in the case of a Maxwell-Boltzmann
distribution may be parametrized by the temperature T,, or more generally by the average
energy (E,) of the distribution. Golovanivsky considered the inequality for hydrogen-like
ions at the optimum temperature T," * ie. at the maximum of the rate coefficient. As only
one ionization channel is considered, the inequality yields an upper limit for the product
of nerjonf required for production of fully stripped ions at a given T, P (or <Ee>°pt). The

resultant “Golovanivsky plot” is shown in Fig. 6.

8 Essentially the electron speed, as the relatively much more massive ions are nearly stationary com-

pared to the electrons.
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FIGURE 6 The Golovanivsky plot for the plasma product n,T necessary to produce fully
stripped ions as a function of the electron temperature. Data from Ref. [18].

The inequality (38) may be expressed in terms of the characteristic times of ion
confinement and ionization as

. -1
q q _ inz
Tconf > Tinz - |:n€ <0—v>q—>q+1i| (39)

i.e. the condition for significant (§ — g + 1) ionization rates is that the ion confinement
time is longer than the ionization time. A further condition for multiply charged ion
production is that there must be no significant charge decreasing processes. In typical
ECRIS operating conditions this means charge exchange between ions and neutrals must
be minimized, i.e. that the charge exchange time is long compared to the confinement

time.
=t > (40)

no <0—U>E]:q—1

Here, ng is the neutral atom density, and the rate coefficient is that of charge exchange
between neutrals and ions at charge state 4.

1.5 Ion confinement

The “plasma product” TleTqunf defined by the inequality (38) quantifies the impor-
tance of chonf for a high performance ECRIS. To produce highly charged ions (HCIs),
good confinement of ions is a necessity. Paradoxically, a well performing ECRIS also

requires the ion confinement time to be small so that the ions, once produced, may leak
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out and become available for beam formation. In the charge breeding context this bal-
ance becomes even more delicate, as the radioactive ions must be extracted before a large
fraction of them decay.

Many different models have been suggested to describe ion confinement in an
ECRIS plasma, but none are applicable throughout the whole range of ECRIS operat-
ing conditions [51]. Depending on the tune” of the ion source, the plasma properties may
vary by a lot, affecting the particle energies and densities, and consequently the charge
state distributions, spatial distributions of particles, the plasma potential, and so on — all
factors that affect the confinement times predicted by the models. In addition, the plasma
properties vary spatially, making it almost nonsensical to apply any single model to the
problem of ion confinement.

It is probably most realistic to consider, that the totality of the confinement proper-
ties are dictated by a combination of the different models, and that the part played by each
model assumes a different importance as the tune is adjusted, and that ions in different
spatial regions of the source are subject to different confinement schemes.

The different confinement regimes can be classified according to the ion collision-
ality [52], [53]

7 tbounce ’ ( 41)
tcollision

where tpounce 1S the ion “bounce time”, i.e. the time it takes for an ion to bounce between
the magnetic mirrors'?, and fopision 1 the time between successive collisions. Different
confinement models are justified based on the magnitude of #. These regimes are (i) non-
collisional, 7 < 1, (ii) moderately collisional, 7 ~ 1, and (iii) highly collisional, 7 > 1.
Furthermore, Rognlien and Cutler showed in Ref. [52] that cases (i) and (ii) can be treated
as one regime, where 7 < 1.

1 < 1: Electrostatic confinement'!

It was first suggested decades ago that in an ECRIS there exists a potential dip
A¢ < 0 in the otherwise positive plasma potential profile ¢ — similarly to open-mirror
fusion devices. This potential dip arises in the plasma core as a consequence of the buildup
of hot electrons, which are well-confined due to their larger dipole moment p and lower
collision frequency. The dip is located spatially near the Bgcg, because the ECR heating
brings the mirror points of the hot electrons close to the ECR zone. This potential dip
presents an electrostatic barrier to the positively charged ions, trapping them until they
attain a sufficiently high kinetic energy to overcome the barrier.

In this confinement scheme, the ion confinement time may be expressed as a linear
combination of characteristic ion confinement times under frequent (7 ~ 1) and infre-

The configuration of operating parameters (gas input, microwave heating power and frequency, mag-
netic field configuration,. . .) set for the source are colloquially referred to as the source “tune.”

NB: if the ion collision time is less than the gyration time around a magnetic field line, ions are not
magnetically confined and the bounce time is poorly defined. In this case # should be interpreted as
the number of collisions the ion experiences as it transits through the plasma.

11 Adapted from Refs. [15], [52], [53]

10
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quent (7 < 1) collisions'? [52]
T=T1+1D 42)

Tm
T \/ ZTie (43)

with L being the characteristic plasma (half-)length, and for infrequent collisions

where for frequent collisions

G €q|A47’ eq|Ap|/T;
= 3 44
2T W T2eqlBglyvy T ¢ 9
In Eq. (44) R i1
G =R /In(2R +2) )

and R is the mirror ratio. The ion-ion collision frequency here is the ion-ion Spitzer!?
scattering frequency [53]

2
J— 3. 9 q 12
Vi = 174 x 10 AT }q/ n'q (46)

The frequency ([v;;] =1/s) is computed for a given ion of mass M ([M] = u, u being the
atomic mass unit) having a temperature T; ([T;] = eV)!'4 common to all ions in the plasma.
The expression in Eq. (42) was derived in the context of open magnetic traps, which
served as a precursor to the ECRIS [52], [54], [S5]. In ECRIS conditions 75 is negligible
compared to 7y due to the high ion collision frequency, and to a good approximation
T~ 7.

The key property of Eq. (43) is that the confinement time increases exponentially
with the ion charge state. This is because the electrostatic barrier experienced by an ion
is the greater, the bigger its charge is, which provides increasingly strong confinement for
HCIs. For example, a charge state g ion needs an energy greater than gA¢ to scale the
potential barrier. An increased ion temperature, on the other hand, causes the confinement
time to decrease as the more energetic the ion population is, the larger fraction of the ions
may escape the confines of the dip.

An increasing amount of indirect evidence implies that such a potential dip exists.
Direct measurement of the potential profile is as yet infeasible without perturbing the
plasma and corrupting the experiment. Experimental measurements of ion beam emit-
tances as well as spatially resolved ion beam profiles indicate that HCIs originate closer
to the beamline axis than lower charge state ions [56]—[60]. Simulations [45], [61] of ion
trajectories corroborate these inferences, and in Ref. [62] simulations of the plasma den-
sity resulted in a plasma potential profile with two potential dips (A¢ ~ —0.02 V) which

12 NB: The direct addition (as opposed to addition of the inverses) of the times is valid since 71 and 1,

represent different limits of the same process (as opposed to two distinct processes).

Le. the rate at which multiple small-angle scatterings accumulate to a 90° rotation of the velocity.
NB that Ref. [15] uses a different collision frequency.

Owing to their high collisionality, the ions are considered to have a Maxwellian energy distribution.
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formed at the turning points of the hot electrons along the plasma chamber axis. Further-
more, the anomalously high ion temperatures reported in Ref. [33] support a confinement
model which yields long enough confinement times to enable considerable ion heating via
electron drag. From these considerations it would appear that the HCIs are generated in a
potential dip where they are confined until they obtain energies high enough to overcome
the potential barrier.

17 > 1 : Spatial diffusion'”

Whenever there is a density gradient in a macroscopic property of a gas, diffusion
can occur, the effect of which is to restore homogeneity. For example, a non-uniform
particle distribution gives rise to a flux of particles from high density regions to regions
of low particle density.

Confinement time in the spatial diffusion regime [53] can be approximated through

L2
TR 5o 47)
where L is the characteristic length of the plasma, and D is the diffusion coefficient [1],
[32], [35], which describes the ease of motion through the plasma for a given particle —
a larger D meaning faster diffusion.

Although an ECRIS plasma may not be weakly ionized — particularly in the core
region — the most important features of diffusion are best illustrated modeling it as such.
In the absence of an applied magnetic field, diffusion is impeded by interparticle collisions
as they decrease the mean free path. In such a plasma, the diffusion coefficients for
electrons and ions are given by

D, = kpT,/mev, (48)
D? = kBTﬁ/mivi (49)

where v, /; are the electron and ion collision frequencies, respectively. Both exact and
limiting forms of v, and v; can be found e.g. in Ref. [63]. Generally speaking, in the
ECRIS plasma environment v; > v,. It can be seen that the light, energetic electrons dif-
fuse faster than the massive, cool and highly collisional ions in the absence of a magnetic
field (and parallel to magnetic field lines).

In contrast, the diffusion of charged particles across a magnetic field is eased by col-
lisions: The magnetic field prohibits a charged particle from free movement perpendicular
to the field line, forcing it on a helical orbit. Collisions disrupt this orbit, randomising the
velocity and allowing the charged particle to jump from one field line to another. The
diffusion coefficients perpendicular to the field are modified so that

D,, = 1/62 (50)
e, L ng ge e
q 1/.2 q q
— 1 ~
D], = D] ~D]. 51)

i ci

15 See also [1], [20], [32], [53]
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where w; . 18 the cyclotron frequency of Eq. (11). The diffusion coefficient parallel to
the B-field remains unchanged: Dy = D. From this it is evident that the ions diffuse
more rapidly across the field lines, than the weakly collisional electrons.

Any deviation from charge-neutrality will give rise to a plasma potential ¢ and an
associated electric field, which accelerates the slower species and evens out the diffusion
rates until the net flow of charge from the plasma is zero. This mode of diffusion is
termed ambipolar diffusion. In an ECRIS the plasma potential is positive as, in absence
of ¢, the electrons exit the plasma fastest. This leads to a build-up of a net positive charge
in the plasma, which propels the ions until the loss rates equilibrate. Typical values of the
plasma potential range from 10 V to 100 V, with best performances (i.e. highest extracted
HCI currents) found at around 20 V [64], [65].

In the case of perfect ambipolar diffusion in a weakly ionized plasma, the diffusion
coefficient is given by [32], [66]

Da _ kB(Te + Tz) (52)
MeVe + M;V;
common to both electrons and ions. Equation (52) shows that the cool, massive (m; >
m,) and highly collisional (v; > v,) ions of the ECR plasma slow down the diffusion
rate.
The following expressions for confinement time are available in the literature: For
ions Eq. (47) gives in the direction along the plasma chamber axis (see [20] and references
therein)

n
T s =71x10"2Lg 1nA\/Z% (53)

1
for diffusion without ambipolar effects — i.e. random walk diffusion. Here the charac-
teristic length L is the half length of the plasma, In A the Coulomb logarithm (a constant
~ 10-20 regardless of the source tuning), A is the ion mass number, and

Geff =g 'Y nq? (54)
the effective charge of the plasma.'® The units are
[7] = s;[L] = cm; [1e] = em™3; [Tj] = eV.

Equation (53) indicates that the ion confinement time grows when the size, effec-
tive charge, and density of the plasma increase. This is due to the increased number of
collisions which hinder ion diffusion parallel to the magnetic field. A strong inverse de-
pendence on temperature is also apparent, and results from decreased collisions.

Ref. [20] suggests that the ambipolar confinement time be derived through the ion
mobility so that
q L
"L' [N

conf — HZE (55)

16 NB that Eq. (54) should be Zn%q*> = n, (q*) / (q) PL but the original form is given here.
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where E = —V ¢ the ambipolar electric field ([E] = V/cm) and

p— 1l (56)

m;vj

This leads to an expression of the form

Mefleff
T>/2E

7l =71x10"2LgIn AV A

con (57)
The units and other coefficients are as in Eq. (53).

Equation (57) implies, that a larger plasma potential (greater E) and higher ion tem-
peratures decrease the confinement time. The more massive the ion and the larger the
plasma chamber, the longer the confinement time. The increase of chonf with 1.q,f5 18
due to collisions inhibiting particle motion in the parallel direction.

An alternative spatial diffusion regime confinement model has also been suggested [67]

L2m;
.  _ = eq|Adl/T;
T = e , 58
conf KHTl]TI ( )

where Tij 1s the unlike ion collision time, and K” is a constant “shape factor” which de-
pends on the axial plasma profile. This scheme has been considered suitable for overdense
ECR plasmas [1]. Equation (58) results from solving the parallel diffusion equation as-
suming the ion density and the plasma potential to have similar parallel gradient lengths.
It was suggested in Ref. [67] that for highly charged ions there occurs a change in con-
finement scheme from the moderately collisional case described by Eq. (43) to spatial
diffusion per Eq. (58) at a threshold pressure. In Pl we made a similar inference, dis-
cussed in Section 5.1, where an apparent change in confinement scheme was observed
between low and high charge state ions.

Magnetic confinement of ions

Ions are subject to the same restoring force arising from the minimum-B structure
as the electrons, but their much larger mass and lower energy cause their gyrofrequen-
cies to be smaller and collision frequencies greater, respectively. Hence the collisionality
disrupts their magnetic confinement, as the condition expressed in Eq. (15) is less likely
to be met in ECRIS conditions. Traditionally, ions have been considered almost com-
pletely unmagnetized [20], but recent evidence suggests that low charge state ions may be
magnetically confined [68], [69] PI, whereas for HClISs this is definitely not the case.

In Ref. [33] it was found that ions in an ECRIS plasma have a charge state depen-
dent temperature in the range 5 eV-28 eV, with the highest temperatures obtained for the
highest charge states. In Fig. 7 oxygen plasma is considered as an example. The ion-ion
Spitzer scattering frequencies of Eq. (46) OT — O3%F are compared to the cyclotron fre-
quency of OT at B = 0.5 T, n, = 5 x 10! cm™3 and eff = 4.5. From the Figure it
appears, that the condition w.; > w,;; may be satisfied for low charge ions if they attain
an energy in excess of ~5 eV.
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FIGURE 7 Spitzer 90 degree scattering times and the cyclotron frequency (v,; = w,;/27) for
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magnetically confined.

Altogether the ion confinement model depends on the plasma conditions (such as
temperature and density) which vary spatially. As the distribution of ions in the plasma is
also spatially non-uniform, we expect that the total confinement time is formed through a
combination of these models.

Confinement time and ion heating via electron drag

The interplay of ion confinement and ion temperatures was investigated in Ref. [33].
We adapt the treatment here to illustrate the effect of ion confinement on the ion tempera-
tures considering a situation where we have previously established ion populations in the
steady-state. The different ion populations each have temperatures Tl.q , and ions escape
the plasma at a rate governed by the confinement time T.onf, Unique to each population.
All ion losses are in balance with the amount of material introduced to the plasma, i.e.
the population densities do not change. The ions are presumed to obtain their energy
solely from the electrons, and we will neglect energy transfer between ions. This makes
the model unsuitable for studying gas-mixing [20], [70] effects in particular, where the
energy transfer between ions is key. It also causes an overestimation of the HCI tempera-
tures. A more precise treatment can be found in the Ref. [33].

Ion heating via electron-ion collisions (i.e. “electron drag””) can be modeled by [20]

3,07 ] 7_ 7 L
d(nTy) 3 T—-T y 3l 3.0 (59)
dt 2°° {7 ~2t g 20
q i conf

where the first term on the right-hand-side describes the energy transferred from the elec-



21
trons to ions of charge state g at a rate determined by the energy equipartition rate [20]

1 esq _ 32x10°InAnlg

—_— Y 1/
e—q e 3/2
e Te / A

(s_l, eV, cm_s), (60)

with In A the Coulomb logarithm, A, n? the mass number and density of the ion, respec-
tively. The second term describes energy transferred from ion to ion via collisions at a rate

determined by the ion-ion collision frequency. The collision frequency was approximated
by [20]

1 68X 107 8InA 42

— ~ 1eq
T_lq%q i (T;’)S/Z \/Z e eff

(s_l, eV, cm_3). (61)

The effect of the second term is to distribute energy between ions. Finally, the third term
describes the energy carried out of the plasma by ions exiting it at a rate governed by the
confinement time.
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FIGURE 8 3K!%* heating rates resulting from electron drag at different electron temperatures,

and the energy loss rate with varying Tconr as a function of ion temperature (a) and
the predicted steady-state ion temperatures as a function of ion confinement time for
various charge states of 39K when T, = 500 eV (b).

To provide concreteness to these time scales, in Fig. 8 (a) we divide Eq. (59) by 237

and plot the first (heating) term 7, (Te — Tiq) vﬁﬁ”’ / n? for different T, as a function of T;.
The other parameters were chosen to be n, = 5 X 101 em=3,InA = 10, A = 39 and
g = 10+ (i.e. 39K10+). The corresponding energy loss rates — as given by the third term
T; / Teont — With different T.o,¢ are also plotted.

If we disregard the energy transfer between ions then in steady-state (i.e. % =0)
the heating rate and the energy loss rate balance out and we have
ne (T.—T1) T} -
nid7 (62)
i€ conf

That means, the points of Fig. 8 (a), at which the heating term and the energy loss term
cross, correspond to the steady-state ion temperature for the chosen T, and T.onf. Solving
this equation for Tiq gives the ion temperature in steady-state. The Tﬁ have been plotted
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in Fig. 8 (b) for various charge states of 39K as a function of Teonf given T, = 500 eV,
and the other parameters are as in (a). It is apparent that the confinement model plays a
key role in determining the ion temperatures: The ion temperature can increase only up
to the point where ions exit the plasma at a rate which exactly balances the energy passed
to the ions from the electrons. The stronger the confinement, the higher will be the ion
temperature. From Fig. 8 we can also see, that as T, increases, the T; decreases. This is

due to the increasing energy equipartition time, T .

1.6 Charge Breeding of radioactive ion beams

Radioactive isotopes are produced primarily via two methods: in-flight separation
(IF) [71], and isotope separation on-line (ISOL) [72]. These two methods produce ra-
dioactive ions with kinetic energies in the GeV/A and keV /A ranges, respectively!’.
To access energies in the MeV /A region one relies on acceleration of the radioactive
ions generated with the ISOL method — 1.e. “post-acceleration.” Post-acceleration is
achieved by means of dedicated accelerators such as cyclotrons and linear accelerators
(linacs), in which the energy per nucleon of the post-accelerated ions scales in proportion
to the charge state g of the injected ion: In the case of a cyclotron the scaling is o« (q/ A)?,
and with linacs o« g/ A. Accordingly, it is important to ionize the radioactive species up
to a suitable charge state to obtain the desired final beam energy — a process referred to
as “charge breeding.”

There are three primary charge breeding methods: Gas-jet/foil stripping, Electron
Beam Ion Source (EBIS) charge breeder, and Charge Breeder Electron Cyclotron Reso-
nance Ion Source (CB-ECRIS) [16]. In each case the low energy, singly charged ion beam
is injected into the charge breeding device and extracted downstream of it as a beam of
multiply charged ions (i.e. the N+ beam), and guided into the post-accelerator. The charge
breeder type is selected according to the specifications desired by the output beam, which
may include the desired charge state distribution (CSD), the charge breeding time, beam
intensity, emittance, and operation mode (pulsed vs. continous).

When it comes to producing Radioactive lon Beams (RIBs), the key parameter is
the charge breeding time — i.e. the time between injection of the singly charged ion,
and the extraction of the same ion at charge state g [73]. If the charge breeding time is
too long, the beam intensity will degrade due to radioactive decay, potentially rendering
the extracted beam unusable for the experiment. The efficiency of the charge breeding
process is measured by the charge breeding efficiency

17+
g+ — —
= q Ji (63)
Where I'* and 97 are the injected singly charged and extracted g charge state ion beam
currents, respectively. The global efficiency is obtained as the sum X177 T+,

17 Energy per nucleon, A being the mass number of the isotope.
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FIGURE 9 Simplified schematic of the charge breeding setup using an ECRIS.

ECRIS as a charge breeder

The conventional minimum-B ECRIS design lends itself conveniently for use as
a charge breeder [16]: The required modifications are to fit in suitable injection optics
to allow a beam of singly charged ions to be deposited into the plasma sustained in the
ECRIS, and rearranging the microwave injection.

Figure 9 presents a schematic of the charge breeding process using an ECRIS. The
1+ ion beam is guided to the ECRIS via a dipole magnet which q/m-analyses the 1+
beam, separating the charge states of a given element. The source of 1+ ions and the
ECRIS are biased to the same positive high voltage, but due to the positive potential of an
ECRIS, the ion source potential is adjustable by AV € [—100 V,0 V]. The value of AV

is adjusted to maximize the capture efficiency of the 1+ ions in the support plasma'®.

A large fraction (~ 60 %) of the injected 1+ beam particles are stopped and captured
by the support plasma [74]. The captured particles are then ionized to higher charge states
in a process described in more detail in Section 1.4. A portion of the ions exits through the
extraction aperture and become available for beam formation. The ECRIS high voltage
along with ion optical elements extracts the ions from the source downstream towards
post-acceleration. A dipole magnet is generally used to separate the different charge state
ions based on their charge-to-mass -ratios q/m and to select the desired charge state.
Both electrostatic and magnetic ion optical elements are used to maximize the transport
efficiency.

18 In this context, the plasma sustained within the source is referred to as the “support” or “buffer”

plasma. Molecular hydrogen and helium are typical choices for the support gas species for charge
breeding purposes.
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1.7 Methods for ECRIS plasma diagnostics

ECRIS plasma diagnostics (See Refs. [18], [75] for comprehensive reviews) are fo-
cused on the metrics which affect the source performance — namely the electron density
n,, the EED, and ion confinement properties such as ion temperature and the plasma po-
tential distribution. Arguably the most important qualifying factor of a diagnostic tool in
the ECRIS context is its invasiveness — i.e. the amount by which the applied diagnostic
affects the properties of the plasma discharge which it aims to measure. This constraint
effectively limits the usable methods to those which measure emissions (particles and/or
radiation) which arise naturally from the plasma in the operating mode. Such methods
include but are not limited to: Measurement of the extracted beam CSD using a Fara-
day Cup; Optical emission spectroscopy for ion densities in plasma and ion temperatures,
plasma bremsstrahlung and energy resolved escaping electron flux measurements for the
EED (indirect and direct measurements, respectively), 1+ beam injection for measuring
the ion collision frequency, and the retarding field analyzer for determining the plasma
potential. For measuring ion confinement times, transient methods measuring plasma ion
emissions have been developed. For the plasma energy content, measurements of the
plasma diamagnetic effect can be used.

Diamagnetic loop measurements [76] are relevant here, as they probe the plasma
energy content (or energy density) as does the CT-method. In diamagnetism experiments
a conducting loop of wire is wound around the plasma so that the field lines of the exter-
nally applied B-field pass orthogonally through the plane spanned by the loop. When the
microwave power is switched on/off, a voltage is induced in the loop.

The induced signal Vi, is related to the plasma energy density 1okT:

nokT = — 02— (64)

Here ngkT is the average energy density due to all charged particles present in the plasma,
By is the intensity of the externally applied magnetic field, N is the number of turns in
the loop, 7o the maximum radius of the plasma and yo the vacuum permeability. Equa-
tion (64) assumes that the plasma density decays exponentially with radial distance from
the axis, and that the plasma exists in ideal magnetohydrodynamic equilibrium.

Measuring absolute energy content values is challenging, and the method is best
suited for revealing trends as a function of the operating parameters of the source (i.e.
parameter sweeps), and for investigating the time scales of plasma relaxation to steady
state after a perturbation has been induced.

In diamagnetic loop measurements of Ref. [76] it was found that the plasma energy
density increases logarithmically with the absorbed microwave power. The energy density
was found to saturate rapidly as a function of the neutral pressure, and that the plasma
energy density increases with the ratio Byin / Becr.
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Transient material injection methods

Transient methods are a minimally invasive class of diagnostics based on injecting
a probe signal into the ion source, and monitoring the corresponding plasma response to
it, or the influence of the plasma on the probe signal. The response may again be either
radiation or particle emissions. The work in this thesis contributes to a subcategory of
transient methods, where a small amount of ions are pulsewise injected into the support
plasma sustained in an ECRIS, where the ions or neutrals are captured and subjected to
the ionization processes. The system’s response is monitored by measuring the extracted
ion beam current transients of the injected material, and their time series are analyzed by
models which seek to describe the ion creation and loss processes involved in the balance
equation (37).

Pardo et al. [38] conducted the first transient material injection measurements in an
ECRIS. They used laser ablation [77] to produce a pulse of bismuth ions into an ECRIS
plasma. The extracted high charge state current transients were then measured and fitted
by a model which incorporated the electron-impact ionization and charge exchange pro-
cesses, but not ion confinement. The experimental methodologies were expanded by Von-
drasek et al. in their measurements of the transient rise times in Ref. [78]. Later, Imanaka
et al. [39] conducted experiments (again using laser ablation to produce the injection
pulse) where the ion confinement time was also accounted for in the model employed. A
necessary assumption of their approach was that the ion confinement time scales linearly
with the charge state — an assumption based on an experimental campaign by Douysset
et al. [21] where the confinement times were deduced from steady-state ion fluxes. More
recently, transient experiments were done by Neben et al. [40], [41] using pulsed sput-
tering [79] as the injection method. Here, the authors approximated the plasma charge
state distribution as sharply peaked around a given charge state ¢, so that ion densities for
charge states ¢’ > g + 2 and ' < q — 2 were zero. This simplifying assumption led to
an exponential fitting function for the beam current transients, with the same model as in
Ref. [39].

The aforementioned experimental campaigns each yielded increasingly accurate
postdictions of the plasma electron density, electron temperature, plasma neutral den-
sity and ion confinement time, within the confines of the assumptions built into the data
analysis models. Common to all the works mentioned is the in-built assumption, that the
extracted beam current CSD (I9) is the same as the CSD in-plasma (n7). While the ex-
traction current CSD provides a rough image of the plasma CSD [80], the proportionality
11 < n1/ chonf should be accounted for in a precise model: It has been shown in gas-
mixing effect studies that while the ion density may increase, a much smaller increase of
the corresponding beam current may be observed [34] highlighting the key role played
by ion confinement in HCI production; The usual assumption of a Maxwell-Boltzmann
distribution for the EED is also made in each case. While it is known that the EED of the
escaping electron flux is strongly non-Maxwellian [25], the actual plasma EED is hitherto
unknown, and remains a possible source of systematic error; The methods also require the
support plasma to remain unperturbed by the injected probe pulse, but using laser abla-
tion and sputtering, it is not possible to precisely estimate the amount of material injected.
Furthermore, the literature values of electron-impact ionization cross sections (and con-
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sequently also the rate coefficients) are subject to very large uncertainties which have not
been taken into consideration in as of yet any analysis.

The work presented in this thesis builds on the aforementioned works, and seeks
to improve the analysis model, to minimize the method invasiveness by controlling the
amount of material injected, to do away with the presupposed Maxwell-Boltzmann dis-
tributed EED and to account for the uncertainty of the cross section data. Assumptions
regarding the ion confinement time and ion densities are evaded. With a parsimony of
assumptions an experimental and computational procedure is developed for acquiring the
characteristic times of ionization Ti?lz’ charge exchange 74, and ion confinement chonf for
HCIs. Estimates of the electron density 7, and the average energy of the presupposed
EED (E,) are also obtained.



2 THEORETICAL FRAMEWORK

2.1 Derivation of the current balance equation

The balance equation (37) cannot be directly used to describe the extracted beam
currents, as it is a model for the ion densities within the confined plasma. This section re-
capitulates the derivation of the corresponding equation for the beam currents, as derived
in PI. The extraction current can be related to the ion density by the expression [21], [81]

eqnf
q
Teonf

I = FgxL$S (65)

where « is the beamline transmission efficiency [82], L is the length of the plasma cham-
ber and S the size of the extraction aperture. We have added a constant factor Fg, which
depends on the magnetic field configuration, and which determines what fraction of es-
caped ions ends up in the plasma volume corresponding to the extraction region. Expres-
sion (65) can be substituted into Eq. (37), and making the assumption that the constants
k, Fp, L and S are charge state independent — or at the very least they vary slowly with g
— they can be divided away from the resultant equation.

The plasma length L is a constant on the order of the size of the ECR surface, but
we have not determined the charge state dependencies of S, Fg, or k. They could, in
principle, be measured and accounted for in the calculations. It has been found [56], for
example, that the effective size of the extraction aperture S, has a charge state depen-
dence: For higher charge states of a given ion S is smaller, but the variation of S with g
becomes less pronounced for higher charge states. This is attributed to the fact that HCIs
originate closer to the chamber axis. The coefficient Fp is often taken to be 1/2, which
corresponds to symmetric magnetic mirrors and totally axial ion losses. For our experi-
ments, the extraction mirror was typically weaker, corresponding to a larger loss cone on
the extraction side of the ion source. A greater number of electrons (and ions as a conse-
quence of ambipolar diffusion) is then lost towards the extraction, but to be precise, one
should also determine what fraction of these ions ends up in a region which maps into the
extraction aperture. For highly charged ions the losses are primarily along the chamber
axis, as evident from the experiments in Refs. [56], [57], [59], [60].

The ion confinement time is often divided in components parallel and perpendicular
to the magnetic field, so that

1 1 1
=+, (66)
Teonf TH T

where the confinement times 7| and 7, characterize the probability for ions to be lost
from the plasma either along or across magnetic field lines, respectively. It has been
shown [83], [84] that ions are lost primarily along the magnetic field, i.e. that 7, > 7.
The confinement time is then closely approximated by the parallel component.
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With the definitions
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drn

which we dub the “current balance equation.” Given an unperturbed plasma (i.e. constant
(Ee), ne, np), Eq. (70) can be used to model the time evolution of the extracted beam
currents. The coefficients aq, bq and 4 can be considered constant and be determined by
fitting Eq. (70) to experimentally measured beam current transients. The fitting procedure
will be detailed in Section 4.

2.2 Deconvolution of the characteristic times

By algebraic manipulation of Egs. (67), (68) and (69) one can obtain an expression
depending only on 7, and (E,) and the parameters a4, by and c;:
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where the (E,.) dependence arises through the ionization rate coefficients. Equation (71)
has an infinitude of solutions, but the set of solutions can be constrained on physical
grounds by limiting the 7, and (E,.) ranges to those plausible to be found within the
ECRIS.

Using the solutions of Eq. (71) the confinement time can be solved from:
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The charge exchange time can be computed using

-1 . -1
= [no (oo)t | = (b= e (000 = 1/20) (73)

And the ionization time can be computed using the 7, and (E,) values from the definition

. —1
1, = [ne (00l (74)



3 EXPERIMENTAL METHODS

The CT-method requires pulsed material injection into the plasma of a charge breeder.

The amount of material injected during a pulse should be controlled as best as possible
and minimized to avoid perturbing the support plasma. The plasma needs to be allowed to
relax between pulses, erasing the history of the material injection. These conditions were
met by employing square 1+ injection pulses with pulse widths less than 10 ms, 1 Hz
repetition rates, and rise and fall times of 2 s and 60 us, respectively, in Publications PI-
PV. Nevertheless, the support plasma perturbation should be evaluated separately for each
experimental campaign. We used the evolution of the support plasma CSD under contin-
uous injection mode (in particular the intensities of the high charge states) as a measure
of the support plasma perturbation. As an example, in PI the extraction currents of high
charge states of oxygen — found as an impurity in the support plasma — dropped by
< —5.4 % when K was injected in continuous mode at an intensity of 740 nA. As a
consequence we inferred in PI that the effect of 5 ms injection pulses at this intensity was
negligible. The effects of varying the pulse width were found to be small compared to
other uncertainty sources up to 100 ms in PIV.

The charge breeder should be prepared with a low Z support plasma such as helium
or hydrogen, and having as few impurities as possible, to avoid g/m overlaps between
the support plasma and the injected species. This is because the method requires at least
five consecutive charge states’ extraction current transients to be measured (which yields
characteristic time data for three charge states), and overlaps with the support plasma
may cause unwanted modifications of the transient shape, corrupting the measurement.
This condition for the support gas may be relaxed if the transients can be separated with
enough resolution, for example using a high resolution dipole magnet or time of flight
separation. As the model developed in Section 2 does not incorporate fly-through and in-
flight ionized ions, which are not captured by the support plasma, the lowest charge states
(g = 1+4,24,3+) should be neglected. A metallic element should be used to minimize
wall recycling effects, which are also not included in the analysis model.

3.1 Material injection

Different injection methods may be used to inject a square material pulse into the
ECRIS. At least sputtering, laser ablation and 1+ injection have been used in previous
transient experiments [38]—[41]. In our setup 1+ injection was the natural choice as it pre-
existed as part of the LPSC test bench, which was used for the experimental campaigns
of this thesis. The test bench will be described in more detail in Section 3.2. 1+ injection
also happens to be the most advantageous out of the three in terms of its non-invasiveness.
It is also the injection method which is relevant for charge breeding of RIBs and hence
the natural choice for a diagnostic method in this context.

A key benefit of the 1+ injection method is that it allows the precise measurement
of the injected beam intensity, i.e. it allows the user to determine the amount of material
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injected into the source. This is a great advantage of 1+ injection compared to, for exam-
ple, sputtering or laser ablation which are methods used to inject neutral metallic atoms
into the support plasma. Sputtering [79] is achieved by inserting a metallic probe biased
to a negative voltage near the plasma periphery. The probe will then attract positive ions,
which collide with the probe causing probe material to be sputtered into the plasma. In
laser ablation [77], a laser beam is used to heat a metallic element and to evaporate the
target material which passes into the plasma. In either case it is not possible to precisely
control the amount of material injected into the plasma. If, however, the experimenter is
assured that the perturbation on the plasma is minimal there is no reason to rule out either
as a viable injection method.

In the case of sputtering one must also take into account the perturbation on the
plasma due to the electric field of the negatively biased probe. To mitigate the perturbation
of the support plasma, one could try using amplitude modulation of the material injection
pulse: The experiment is set up otherwise as usual, but material injection is sustained in
a continuous mode at an amplitude Ay. The pulsing is then realized as a small square-
mode perturbation AA(f) on top of Ag, so that A(f) = Ag + AA(t). This technique
is applicable at least in the case of sputtering and 1+ injection [73], but possibly laser
ablation as well. For 1+ injection the amplitude modulation can be realized by using
electrostatic deflectors to deflect the 1+ beam only slightly off axis (Ap) in the continuous
injection mode, and to pulse the beam by returning it onto the axis (AA(t)).

Charge breeder ECRISs are built to accommodate 1+ injection [85], [86] as a part
of their normal functioning. For charge breeding purposes, a (radioactive) beam of singly
charged ions is generally produced through in flight separation or isotope separation on-
line methods. Usually the viability of these beams is tested — and research and develop-
ment of charge breeders is conducted — on a test bench, where stable isotopes are used as
proxies for the radioactive species (e.g. K3 in place of K3). These proxy beams may be
produced for example via thermal emission from a pellet containing the desired isotope,
followed by surface ionization [87].

A composite pellet may be desired if no-stop injection of multiple ion species is
required, as in the case of PII. Using such a pellet, the desired ion species (e.g. K/Na) may
be selected using the 1+ dipole magnet without having to switch off the charge breeder
in between, as would be the case if a single component pellet were used. This enables
probing the same plasma using multiple ion species without having to worry about finding
precisely the same source tune after switching off the plasma — most often a hopeless
endeavor due to the internal uncertainties associated with the operating parameters of the
ion source. Although the CT-method probes the properties of the support plasma, the
probe species have different electron shell configurations which allowed us to decrease
the uncertainty of the CT-method results in Ref. [II], using multi-species injection, as
discussed in Section 5.

The 1+ beam is stopped and captured by the plasma potential [88] of the support
plasma, where they become ionized through the process described in Section 1. The singly
charged particle needs to be injected into the plasma with a kinetic energy on the order
of the plasma potential to achieve optimum deceleration and capture. For this purpose,
the ECRIS is biased to a potential V' — AV (with respect to ground), where V' is the high
voltage of the ECRIS and AV is on the order of ¢. The plasma potential ¢ and, hence,
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the optimum value of AV depends on the source tune, and it is adjusted on a case-by-case
basis so that maximum capture efficiency is achieved. The slowed down ions may then
be further slowed by collisions with the support plasma ions until they are captured in the
potential dip in the plasma core.

3.2 The LPSC test bench configuration
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FIGURE 10 The LPSC 14.5 GHz CB-ECRIS test bench.

Figure 10 shows a blueprint of the charge breeding beamline of the LPSC 14.5 GHz
CB-ECRIS test bench [73], [74]. The setup can be divided in three parts: (1) The beam-
line upstream of the charge breeder, (2) the charge breeder itself, and (3) the beamline
downstream of the charge breeder.

Upstream

Starting from the upstream direction from the Charge Breeder (upper left in Fig. 10),
the 1+ ion source (Heat Wave Labs ion gun [87]) is used to generate the beam of singly
charged ions to be charge bred in the CB-ECRIS. The 1+ pulsing plates consist of a pair
of electrostatic deflectors, which enable the redirection of the singly charged ion beam to
a beam dump by means of a high voltage. The 1+ dipole magnet is used to purify the 1+
beam of any higher charge states or impurities according to the g /m-ratio of the particles.
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TABLE 1 Typical operating parameter values for the charge breeder. The magnetic field val-
ues at ion source injection, the minimum-B, and extraction (Biyj, Bmin, Bext, respec-
tively); A typical microwave heating power (heating frequency 14.5 GHz); Support
gas species; Background vacuum pressure in the source injection region without
plasma (P;;); The accelerating high voltage, i.e. the ion source bias; and the AV
value. The tabulated values are directive and do not correspond to any of the experi-
mental campaigns.

Parameter value
By (T) 1.58
Bmin (T) 0.45
Bext (T) 0.83
Microwave power (W) 500
Support gas species He/H;
Pipj (<1078 mbar) 10
Accelerating high voltage (kV) 20
AV (V) -4

After the dipole magnet, there are the 1+ emittance scanners and the 1+ Faraday Cup
(FC), which enable the measurement of the emittance and current of the 1+ ion beam,
respectively. The X+Y steerers (electromagnets) are used to deflect the beam in the X and
Y directions transverse to the beamline axis. The double Einzel lens is used for focusing
the beam before injection into the Charge Breeder. These ion optical elements are used to
optimize the 1+ beam for injection into the CB-ECRIS.

The Charge Breeder

At the time of the experiments, the LPSC 14 GHz PHOENIX-type charge breeder
was based on a conventional, room-temperature ECRIS. Its hexapole magnet had a radial
magnetic field of 0.8 T on the magnetic poles at the plasma chamber wall, when the
solenoids were not energized, and a soft iron plug was installed in the injection end of
the source (under vacuum) providing increased axial magnetic field intensity [89]. The
charge breeder had a three coil configuration (injection, middle, and extraction coils),
which enabled the variation of Biyj, Biin, and Bex; almost independently. The source had
an 8 mm diameter plasma electrode aperture, and the background vacuum pressure at
injection was measured to be 2.5 x 10~8 mbar. High 1+ capture efficiencies of 50 % —
60 % have been reported for the source [82], [87]. Global charge breeding efficiencies of
41.8 %, and 62.7 % (corresponding to K% efficiencies of 8.9 % and 20.4 %, respectively)
were obtained depending on the source tuning and conditioning in PI, and PII. Typical
accelerating high voltage for the charge breeder was around 20 kV. The plasma was heated
with 14.5 GHz microwaves from a Klystron using direct waveguide injection. Typical
source operating parameters are tabulated in Table 1.
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Downstream

Downstream of the Charge Breeder, there is another Einzel lens for focusing the
extracted ion beam. The N+ FC allows the measurement of the total (i.e. not gq/m-
separated) extracted beam current and the Y steerer can be used to steer the beam in the
Y-direction, and match it for injection into the N+ dipole magnet. The N+ dipole is used
to mass analyze the extracted ion beam, and select the desired ion species based on the
q/me-ratio. Finally, the N+ emittance scanners and FC allow the determination of the
emittance and measurement of the current of the charge bred ion beam, respectively.



4 THE COMPUTATIONAL PROCEDURE

Based on the theoretical framework in Section 2, we developed a set of analysis
and post-processing routines which were used in the analysis of the experimental data of
the Publications PI-PV. These routines form the numerical tool “CT-analyzer,” which is
openly available at https://github.com/misapema-jyfl/ct-analyzer.

Figure 11 depicts the workflow of the CT-analyzer. The input data are fed to the
data parsing module, which parses the 1+ and N+ signals to a form expected by the next
module. The RK4 fitting script fits Eq. (70) to the transient time series, and produces
as its output the parameters 4,4, b; and c;. These are then passed to the electron den-
sity and energy optimization module whose outputs are the 7., (E,) solution sets and the
corresponding characteristic times chonf’ Tglz, and . The process is governed by the
parameters.yaml file, and the results are collected in csv files. A separate plotting routine
produces heatmaps of the solution sets, and plots of the characteristic times as a function
of charge state. Another post-processing routine can be used to take multiple solution set
outputs and compute the results within their mutual overlap.

This section outlines the main components of the CT-analyzer: Parsing of the in-
put data; fitting of the current balance equation to the measured transient time series;
optimization of the (E,) and #, values; and the solution set overlap method of PIIL

Input data:
1+ signals
N+ transients

Electron density Electron densities,

i | Data parsing and energy average energies,

' optimization characteristic times
5 :

: i A/

A
| 4 abo [ ] "
‘ R T parameters e Output.csv

Results plotting

parameters.yaml|

FIGURE 11 The CT-analyzer workflow.
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4.1 Data parsing

The data is first parsed to a format which is acceptable for the code. The code
expects as unparsed input both an N+ time series and the corresponding 1+ injection
pulse signal (or the equivalent for any other material injection pulse). An example is
given in Fig. 12. The measurement of the two signals must be concurrent, and they
must begin from a certain zero current/voltage (for the N+ time series this corresponds
to a quiescent plasma) and the N+ current must be allowed to fully decay to the same
background value so that the fits can be made to the complete transient. The parsing
routine removes background offset from the N+ time series (if any), and determines the
signal noise level without the 1+ injection. A short amount of background current needs
to be measured prior to the onset of the 1+ signal for noise determination. A square 1+
pulse is expected.

4.2 RK4 fitting

The coefficients a4, by and ¢4 are determined by fitting the beam current tran-
sients according to Eq. (70). The solution Z9 to the differential equation is computed
by a fourth order Runge-Kutta method, so that the beam currents [971(¢) and I1971(¢)
are taken as input. The correct parameters a4, b; and ¢; minimize the difference be-
tween the measured time series 19(¢) and the solution of Eq. (70), Z9(t). Python’s
scipy.optimize.curve_fit function is used for the fitting with the Trust Region
Reflective algorithm, as it supports passing bounds to the parameters — allowing us to
constrain the parameters a4, by and ¢4 to take only positive, i.e. physical values. The
goodness-of-fit is quantified by computing the reduced x? value

q_ 79\2
2= <¥> /(N —3) (75)

g

where the uncertainty ¢ is taken to be the noise on top of the time series, determined
with 1+ injection off, and N is the number of datapoints in the time series. Typically the
X2 is close to one (indicating a good fit), but the best way to determine the goodness-
of-fit is by visual evaluation (i.e. eyeballing). The produced fits are typically very good,
but especially for high charge states, for which the signal-to-noise ratio may be very poor,
there may be either overshoot or undershoot in the fits. In such a case one may try to apply
a Gaussian filter on the input data in an attempt to rectify the fits, it is best way to attempt
to improve the signal-to-noise ratio during the experiment — e.g. by taking averages
over multiple waveforms, or by increasing the 1+ injection intensity. In our experiments
we mitigated the effects of noise by taking waveform averages over 64 waveforms. A
representative sample fit is shown in Fig. 12.
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FIGURE 12 A sample input time series of K8 and the corresponding 1+ pulse. The 1+ signal
is in arbitrary units, and the fit is produced with the RK4 method.

4.3 Electron density and average energy optimization

The electron density 1, and average energy optimization is done by taking the ex-
pression in Eq. (71) and defining a penalty function
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As the function (76) has an infinitude of roots, we will obtain a set of solutions ((Ee> ,Me)
which are consistent with the parameters aq, bq and Cq- This set can be constrained on
physical grounds by limiting the ((E.), 1,) ranges to those which can reasonably be ex-
pected to occur in an ECRIS.

In PI we argued that the lower limit for the density can be estimated based on the
results from 1+ stopping experiments [69] conducted on the same charge breeder which
was the workhorse of the experimental campaigns pertaining to this thesis. A conservative
lower limit estimate! based on those results was chosen to be 1 x 10! cm™3. The upper
limit can be taken to be the critical density (see Eq. (5)) which for 14.5 GHz microwaves is

! Performing the 1+ stopping experiment in conjunction with the CT-method experiments could pro-

vide a more precise, narrower solution set, which could improve the precision of the characteristic
time results.
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2.6 x 10'2 cm~3. For the lower limit of the average energy of the EED, we choose 10 eV
based on the order of magnitude of the plasma potential [64]. The upper limit of 10 keV
was set according to Ref. [90]. Within these bounds, we select a dense, logspaced array
(1000 elements) of 7, values, and iteratively seek the minimum of the penalty function
as a function of (E,). All found ((E,),n.)- points corresponding to penalty function
minima are collected.

Monte Carlo method for the uncertainty

Experimental measurements of ionization cross sections are conducted e.g. using
the method of intersecting beams [91]. As a consequence of e.g. low signal to noise
ratios [92], some of the currently available experimental cross section data have consid-
erable relative uncertainty associated with it — this is particularly true for higher charge
states and near to electron shell closures — for example in Ref. [47] a 200 % relative
uncertainty is given for the ionization process

e~ + K8 — K% 4+ 2¢7,

which proceeds from the closed electron shell of K8*. We employ the semi-empirical
formula introduced in Ref. [92] and data from Ref. [47] to compute the ionization cross
section. The effects of this uncertainty on the CT-method results are studied in PIII.

We use a Monte Carlo method to sample the experimental uncertainties. In the
beginning of the ((E.), n,) optimization, we generate a set of bias coefficients whose
values are within the experimental uncertainties, and apply this bias to the rate coefficients
so that . .

(00) g% gi1 = (00) 501 X (14 By) (77
where BT is the bias coefficient. The random variable B, is chosen from a uniform dis-
tribution within the experimental uncertainty bounds reported for (5(72,‘3 410 ie. By ~
U(—d0,60). We then carry out the aforementioned minimization process for the penalty
function with all the generated biases (1000 samples adequately covers the uncertainty
space). In addition, to better cover the ((E,),n.) space, at the beginning of each Monte
Carlo iteration we also displace the elements in the 77, array by small random amounts, so
that no two iterations use precisely the same array, resulting in fewer gaps in the solution
set.

Usual solution sets have ~ 10* ((E,) , n,) pairs. Within this set, we choose an upper
limit for the penalty function Fypper so that the number of solutions satisfying F < Fypper is
on the order of thousands. Typically we can set Fypper = 1 X 107° or better. An example
solution set is shown in Fig. 13. The heat map is produced by counting the number of
solutions falling into each bin of a 200 x 200 logspaced grid, and normalizing to the
maximum number. The (E,) and 7, distributions have been projected onto the x and y
margins of the Figure, respectively.

Characteristic time computation

Within the obtained ((E.),#,.) set we compute the characteristic times of ioniza-
tion, charge exchange and confinement according to Equations (72), (73), and (74). We
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FIGURE 13  An example heat map of an ((E,),n,) solution set obtained for K°* through the
penalty function minimization. The normalization is done to the maximum density.
The (E.) and n, distributions are projected onto the appropriate margins.

then require their values to satisfy

q
Teonf > O’
© >0, and (78)
rﬁx >0

while negative solutions are discarded.

This computation yields a distribution of solutions for each characteristic time, an
example of which is shown for the confinement time of 4'K®* in the experimental cam-
paign of Ref. [93]. Due to the asymmetry typical for the distributions, we have adopted
the following convention for expressing our results: The median (represented by the solid
red line in Fig. 14) is taken as the data point T, while the asymmetric uncertainty is quan-
tified by the upper and lower bounds (dashed red lines in Fig. 14) which enclose 34.1 %
of all solutions in the distributions, respectively. Altogether the upper and lower bounds
thus contain 68.2 % of all solutions, similar to the standard deviation of a Gaussian dis-
tribution.

To make the minimization process computationally more efficient, the rate coeffi-
cients of electron-impact ionization are computed beforehand as functions of (E,), and
interpolation functions are used in their place. Figure 15 illustrates this for K8, In
subfigure (a) the cross section for ionization from 8+ to 9+ ((Térf _,94) 1s plotted with
the Maxwell-Boltzmann distribution (gmp) with (E.) = 1000 eV. The corresponding
rate coefficient (0v)g' o, is the area under the curve gMBUé‘f 9.0 (a function of
speed/energy) shown in blue. This process is repeated for a multitude gmp with vary-
ing (E,), a selection of which is scatter plotted in subfigure (b). An interpolation function
is generated from these points (crimson line). The interpolation function can then be used
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FIGURE 14 An example distribution for the confinement time of 'K°*. Reproduced with per-
mission from PIII, Copyright © 2022 American Physical Society.

in the numerical analysis to quickly evaluate <Uv>gnfr 9.4 as a function of (E,). Similar
interpolation functions are generated for all charge states.

4.4 Solution set overlap

The solution sets obtained for different ion populations (species and/or charge state)
from the optimization procedure for 1, and (E.) can be multiplied together to obtain
their mutual overlap. This was utilized in Publication PIII: Singly charged potassium and
sodium were injected into a support plasma upheld in a CB-ECRIS by heating a two-
component pellet at the 1+ ion source. The resultant time series were analyzed with the
CT method and overlaps of the ((E,), n.) solution sets were taken for the high charge
states of the two species. Overlapping the solution sets is justified if/when the ion popu-
lations in question can be argued to originate from the same region of the plasma, i.e that
they experience a plasma with the same 7, and (E,).

An example of the overlap technique is given in Fig. 23. Subfigure (a) shows the
outer borders of the solution sets of K°*, K19+ and Na’*. Multiplying these solution sets
yields the overlap, the heat map of which is shown in subfigure (b). In this case, the much
smaller solution set of Na’* greatly reduces the number of valid solutions obtained using
potassium only.

Taking the overlap generally reduces the uncertainty bounds of the resultant 7,,
(E.) and characteristic time values. In case of two component injection it allows one to
circumvent some of the experimental uncertainty of U(;IE) g+1> 38 the two different species
will have different ionization cross sections — owing to their differing electron configu-
rations.
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FIGURE 15 Example of calculating an interpolation function for the rate coefficient of elec-

tron impact ionization of K8+ In (a) the Maxwell-Boltzmann distribution ((Ee) =
1000 eV) is plotted with the electron-impact ionization cross section. The blue
filled area corresponds to the rate coefficient, also highlighted as the blue marker in
(b). The rate coefficient and an interpolation are plotted as functions of (E,) in (b).



5 EXPERIMENTAL CAMPAIGNS AND RESULTS

The ion production process is governed by the balance equation (37), which in the
case of RIBs is amended by an extra term to account for the nuclear decay:

inz
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E e <Uv>q—1—>q ni—" — e <Uv>q—>q+1 n
1o (00) g ni 1t — ng (eo)Lyan”  Vqe{0,L,2,...,Z} (79
nq nq
Tjonf Tdecay ’

where the decay time Tyecay is related to the half-life Ty /p by Tgecay = T1/2/ In(2). To
precisely estimate the beam current of the RIB by means of a proxy, the balance equation
needs to be solved as a function of time. This necessitates the characteristic times of
ionization, charge exchange and ion confinement to be determined. For the solution of
Eq. (79), then, the characteristic times for the radioactive ion would be presumed to be
those of the proxy isotope: E.g. tuning the CB-ECRIS for optimum production of 3°K97,
and estimating the attainable extraction beam current of >2K9%, which is unstable with a
half-life of 110 ms. This procedure would not only facilitate the source tuning, but save
costs as well, since the radioisotopes can be expensive to produce.

Another benefit obtained from a knowledge of the characteristic times is the poten-
tial to identify bottlenecks in the ion production chain, which can serve as a guide for
the future development of the ion source. As an example, both a large charge exchange
rate and a small ionization rate may cause inefficient ion production, but cures to these
problems are different: Ionization can be boosted by increasing #,, and possibly (E,);
Charge exchange, on the other hand, can be mitigated by decreasing the neutral density or
changing the support gas species to one with a greater ionization potential. The confine-
ment time also plays a critical role in ion production because it governs the rate at which
ions become available for beam formation. Optimization of the confinement properties,
too, is dependent on our ability to measure the confinement time.

We present here results from five experimental campaigns which were undertaken
to develop and test such a method. First, in Section 5.1 we discuss the development of
the CT-method in Publication PI. Second, the uncertainty sources investigated in PIV are
discussed in Section 5.2. Third, in Section 5.3 we present results from the campaign pre-
sented in PII, where CT-method was applied in two different configurations corresponding
to distinct source tunes and differing charge breeding efficiencies. Fourth, in Section 5.4,
we discuss the findings in PIII, where we studied the effects of applying the CT-method
with multi-component injection. Finally, fifth, in Section 5.5 we present and discuss the
parametric dependencies of the observables yielded by the CT-method in PV.
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5.1 Development of the CT-method

The existing transient injection methods (discussed in Section 1.7) which probe
the characteristic times were based directly on the balance equation for the ion densities
in-plasma. As discussed in Section 1, the extraction beam current depends on both the
ion density and the confinement time, so we introduced this relationship to the balance
equation. We then realized that in order to work with the resultant coupled differential
equation for the beam currents, Eq. (70), at least five consecutive beam current transients
would need to be handled simultaneously to yield results for a given charge state ion
population: To obtain the characteristic times, 7, and (E,) of an ion population X7 the
extraction beam current transients corresponding to X712, x9-1 X4, X911 and X712
must be measured.

We therefore designed an experimental campaign to deliver suitable data for devel-
oping a computational method for the solution of Eq. (70) and to compute the charac-
teristic times from the coefficients aq, bq, Cq (Egs. (67), (68), (69), respectively). During
this campaign the consecutive transients method was developed, and the results were pub-
lished in PIL.

The computational procedure was discovered through a process of trial and error.
Initially, we attempted to ascribe a singular ((E,), 1) value to the entire plasma, but this
approach failed. We found instead, that we had to allow each different charge state ion
population to correspond to their own 7, and (E,). This implied that the ion populations
had sufficiently distinct spatial distributions, that each population could be assumed to
originate from a region of plasma with different plasma parameters.

The spatial distributions were reflected in the resultant ((E,),n.)-solution sets
where a drift towards higher (E,) and n, was observed as a function of g, as shown in
Fig. 16. The finding that the ion populations and plasma conditions are spatially localized
is not new. It is known, for example, that the hot electrons are well confined in the plasma
core regions — as discussed in Sections 1.2 and 1.5. It was also discussed in Section 1.5
that evidence [33], [45], [56]-[62] points to the fact that higher charge state ions originate
closer to the plasma chamber axis, while lower charge state ions come from the plasma
periphery. In other words, HCIs accumulate in the potential dip(s) which forms as a con-
sequence of well-confined hot electron pileup in the plasma, and lower charge state ions
originate from layers which are localized radially outward from the axis — i.e. the ion
populations assume a “nested-layer’-structure.

Because of this nested-layer structure — whereby the ion populations are localized
to distinct plasma regions — and the fact that the ((E,) , 1, )-optimization requires data
for only three neighboring charge states at a time!, the CT-method yields results with a
spatial dependency, even though it is based on a zero-dimensional model, which has been
an unexpected benefit of the CT-method.

Figure 17 shows the characteristic times obtained in PI as functions of charge state
g. Importantly, a charge state dependence of the confinement time was obtained without
assuming one beforehand, as was necessary for the analysis in Ref. [39]. In the results

! Le. the fitting coefficients a4, by, c; for three consecutive charge states. The five neighboring g

transients are necessary to obtain said ag, bq, cq
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FIGURE 16 Solution sets of K’*, K8, K%, K19+, Adapted from PV under the license CC BY
4.0 DEED.

pertaining to PI, the confinement time seemed to obey a power law whereby chonf (e q2'5
rather than a linear increase with g (as one might expect from ambipolar confinement,
Eq. (57)).

The ionization time was seen to increase with charge state, which is to be expected
since the ionization cross section diminishes with g due to the increasing ionization po-
tential. The shell closure between K&+ and K°* was observed in Ti‘zlz as a distinct jump
between the charge states.

For TJ,, we got the intuitive result that for low g charge exchange plays only a
small role, as evidenced by the relatively long characteristic times, Tf;r ~ 30 ms and
TC5XJr ~ 400 ms. A minimum of chx was found around K8, i.e. the T increased for
higher g, even though the ion-neutral charge exchange cross section increases with g. This
was attributed to the decrease of neutral density due to the poor penetration of neutrals
into the plasma core as evident from Ref. [45]. These findings were in agreement with the
increase of the energy content 1, (E,) as a function of 4.

As evident from Fig. 17, the CT-method was found to yield considerable uncertainty
estimates — in particular to the high charge states. It was surmised that this was due at
least in part to the uncertainty inherited from the ionization cross sections taken from the

literature. This was investigated systematically in PIV.

5.2 Method uncertainties

The CT-method relies on the primary assumption, that the balance equation (37) ac-
curately describes the time evolution of the ion densities within the plasma. This contains
of course the implicit assumption that the parameters n,, (E.), no and chonf are constants
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FIGURE 17 Characteristic times of ion confinement, ionization and charge exchange. Adapted
with permission from PI © IOP Publishing Ltd. All rights reserved.

as a function of time. We are ensured of this by considering the electron density and
EED to be fixed by the support plasma, and by making certain that the injected 1+ pulse
does not cause a significant perturbation to the plasma state. These uncertainty sources
are associated with the experimental setup, and need to be controlled for in conjunction
with the experiments. In PIV we set out to study uncertainty arising from the analysis
method itself, i.e. uncertainty inherited from adopted literature values and/or associated
with assumptions made in the computations.

From the balance equation we derived the current balance equation (70) which is
used for making a fit to the extracted beam current transients 7 and to obtain the fitting
parameters a4, by, ;. By means of algebraic manipulation, we obtained the penalty func-
tion (76) whose solution yields a set of points (E,) and 1., which may be used to calculate
the characteristic times.

“Use of the penalty function, however, requires the evaluation of the rate coefficients
(ov)™. For this we require the ionization cross sections (T;H_Z) g+10 which we have taken
from the literature in the form of the semi-empirical formula provided in Refs. [47], [92].
As stated previously these data contain in some cases significant uncertainties, which is
naturally inherited by the results of the CT-method.

In the absence of more precise cross section data, we performed a hypothetical
investigation in which we arbitrarily — but systematically — curtailed the (5(7}7‘5 g+1° As-
suming that the cross section uncertainty was systematic (i.e. not dependent on the relative
speed ©v), this amounted to applying a constant bias to the rate coefficients. The uncer-
tainty estimation is carried out using the Monte Carlo approach explained in Section 4.3,
but here we adjust the procedure by adding a constant bias coefficient A,:

inz

(00) % g1 = {(00)% g1 (Ag + Bg) - (80)

Here, B, is again selected from a uniform distribution within the uncertainty bounds re-
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FIGURE 18 Example of the effect of an arbitrary curtailment of (¢v) as a function of B
range for different A, values. A, adjusts the location of the true value of (¢cv),
while restricting B, limits the relative uncertainty around the true value. Reprinted
from PIV, with the permission of AIP Publishing.
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B, ~ U(—3,+0), (81)

but by arbitrarily curtailing ¢ to a chosen fraction of the true uncertainty, we were able
to simulate the effect of sharper uncertainty bounds around the “true value” (0v).", ;.
The coefficient A, on the other hand enabled us to adjust the true value itself (A; = 1 and
B; ~ U(—éU;i ] H,(Sal‘]'i ] +1) corresponding, of course, to the literature values). The
effect of the choice of A; and By is illustrated in Fig. 18.

We also need a functional form of the EED to compute the integral in Eq. (35) which
defines the rate coefficient. Many experiments [25], [30], [94], [95] have been conducted
to measure the EED of the electrons escaping the plasma confinement (LEED): Directly
by means of energy-resolved spectroscopy using the dipole magnet and indirectly via
bremsstrahlung emissions. Through these experiments it has been found that the LEED
is strongly non-Maxwellian, but the precise EED within the ECRIS plasma is as yet un-
known. In particular, the EED of the strongly confined hot electron component is not
known, and the traditional assumption of a Maxwellian EED could thus affect the results
of the CT-method via the rate coefficients.

Thus far we had employed a Maxwellian distribution of particle speeds, but in the
following analysis we implemented both a kappa distribution [96] and a double Maxwellian
distribution formed as the sum of two Maxwellian functions. The kappa distribution is
given by

202 F(K+1) ( N Z)2 >—(K—|—1) (82)
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where the thermal velocity
Km ’

Wy = (83)
with Te, the equivalent temperature, I' the gamma function and x the spectral index. De-
creasing the value of x has the effect of increasing the contribution of the tail-end of
the kappa-distribution to the total EED. As k — oo the kappa distribution approaches a
Maxwellian.

The double Maxwellian distribution was defined as

g (0;(Ee)) = e [fcge (0;(Eecc)) + fugn (05 (Een))] (84)

where g. and g;, are Maxwellian distributions (see Eq. (6)) parametrized by the average
energies (E,.), and (E,j) of the cold/warm and hot electron populations, respectively.
The coefficients

0% < fc < 100 %, and (85)
frn =100 % — f. (86)

determine the electron fractions assigned to the cold/warm populations, respectively. The
average energy of the hot electron component, (E, j,) is fixed while (E, ) of the cold/warm
population is allowed to vary.

The kappa and double Maxwellian distributions are compared to the standard Maxwell-
Boltzmann distribution as functions of electron energy in Fig. 19 (a) and (b) with different
values of x and f,, respectively.

le-23 le-23
30 1078 1072 175 1072 1175
. N
-11 \\\\ 24 -24
1071\ 10724 |4 oo P10 L1so
2.5 AN
o 10-14 | v\ N 10-25 _ = \. 10-25 -
£ LR F1.257 5 LN F1.25°
T 2.0 RN = T Vo £
2 -17 | SN 26 c 2 4 \. -26 c
z 10 ISR SRR PV z \ NELE PP
o v N o o ] 9]
E 1.51 10-20 [URAY 10-27 2 _‘g . 10-27 g
2 104 108 108 0.75 & T 108 108 F0.75 4
@ < @ o
0 1.0 — MB —— k=3 o] a —= fy=30% o
—— k=10 k=2 0.50 f, = a0% [ 0-30
\ —-— k=5 fo = 50%
0.5 N t0.25 0.25
Savy \'\.\_ —= oy —= oy
0.0 T e T 0.00 T 0.00
102 10° 108 107 108 107 108
Energy (eV) Energy (eV)

FIGURE 19 Comparisons of the Maxwell-Boltzmann distribution to the kappa (a) and double
Maxwellian distribution (b) with varying spectral index and hot electron fractions,
respectively. The distributions are plotted as functions of the electron energy so that
the most probable energy is 2 keV. The average energy of the hot electron popula-
tion in (b) is 100 keV. The insets plot the high energy tails of the distributions. The
electron-impact ionization cross section of K+ is plotted for reference. Reprinted
from PIV, with the permission of AIP Publishing.

In Ref. [97] it was found that an abrupt, 50 % decrease in escaping electron flux
results from switching off the microwave heating power. It was deduced that this occurs
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because there is no more rf-induced pitch-angle scattering, which primarily affects the
warm and hot electrons ((E,) € [10 keV, 100 keV]. Based on this, we set as the “worst-
case-scenario” that (E, ;) = 100 keV, and f, n.x = 50%, i.e. restricting 50 % > fe.

By computing the ionization rate coefficients using Eqgs. (82) and (84) we parame-
terized the rate coefficients with respect to (E,) as described in Section 4 with the simple
Maxwellian distribution. We repeated the analysis using different selections of the spec-
tral index «x and hot electron fraction f, to obtain systematics of the variation of the results
as the contribution of the high energy electrons to the EED was changed.

Since this campaign was purely data analysis, no new experimental measurements
were required. The data for this campaign was taken from the experiments conducted
for PI.

The effect of varying A, and B on the ((Ec) , ¢ )-sets is shown in Fig. 20 for K8+,
which has the most pathological uncertainty estimate of 200 % given in the literature.
Decreasing A, causes the solution sets to drift towards higher energy and density. This is
:;niq—&-l’
content 1, (E,) is needed to reproduce the experimentally measured transients. When
constraining the range of B, we observe that the breadth of the solution sets is reduced.
We note, however, that even a complete elimination of uncertainty (i.e. B; = 0%) will
not yield a singular ((E,) , n,)-value, which reflects the fact that the penalty function has
an infinite number of solutions.

The reduction of the relative uncertainty represented by By is reflected also in the
characteristic time values output by the CT-method. With the full literature uncertainty
(and A; = 100%), the relative uncertainty of Tconr for K8 is 200%. With B; = 0%
this uncertainty becomes 80%. The same behavior is observed for all the characteristic
times. It is noteworthy that with A; = 100%, B; ~ U(—50,50)%, the uncertainty of
Teonf actually increases. This is probably an artifact of the artificial nature of the uncer-
tainty curtailment: When we constrain the uncertainty, we may inadvertently focus into
an inaccurate value of Uti]‘i g+10 which may corrupt our results. For this reason we chose
to vary A, in addition to constraining the range of Bj,.

The effect of using a different EED on the ((E.),n,)-sets is shown for K’ in
Fig. 21. It can be seen that both in the case of the kappa distribution and with the double-
Maxwellian EED, the greatest change occurs when the hot electron component is largest
(i.e. « = 2 and f; = 50%).

The change in the solution sets is less distinct when varying the hot electron contri-
bution by means of the kappa distribution compared to using a double Maxwellian. This
is because the contribution of the hot electron population to the total EED is greater in
the latter case. When using the kappa distribution, there is no notable difference in the
characteristic times. In the double Maxwellian case, as can be seen from Fig. 21 (b), with
higher f;, the solution sets get “clipped” from the high density end. This is reflected to
a small degree also in the confinement times of the high (g > 84-) charge states, which
increase by as much as a factor of two. The greatest difference occurs for the confinement
time of K8 which is probably due to the fact that its solution set is the broadest (due to
the large uncertainty) and consequently a larger number of ((E,) , 1, )-points get clipped
from the solution set. The T;,, and T.x are not likewise affected, and the overall trends

to be expected, as a smaller A, corresponds to a lower (ov) and a larger energy
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FIGURE 20 Example of the effect of varying the bias coefficients A; and B, for K& . In subfig-

ure (a) the B, is selected from U (—50, +50) % x (5(7;‘5 g+1- but the coefficient A,
varies. In subfigure (b), A; = 100% a constant, but the range from which B, gets
sampled is varied. The range of B, is given as a percentage of 50;‘2 g+1 reported in
literature. The results are plotted as a function of (E, ). Adapted from PIV, with

the permission of AIP Publishing.

remain the same.
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FIGURE 21 Example of the effect of using different presupposed EEDs for the CT-method anal-

ysis on the solution sets of K°*. The solution sets for a kappa distribution with dif-
ferent spectral indices x are plotted in subfigure (a), and solution sets with a double
Maxwellian distribution with a varying hot electron component are plotted in (b).
The results with the standard Maxwellian EED are superposed in both figures with
the empty contour. Adapted from PIV, with the permission of AIP Publishing.

To see an effect in the results due to the choice of the EED, however, the size of the
hot electron component needs to be at least f;, = 10 %. In lieu of precise experimental
data, based on the results of Ref. [97] it seems possible that the fraction of hot electrons
is as great as 50 %. Therefore, we are lead to conclude that the choice of the presupposed
EED does play a role in particular for the determination of the ((E,), n.) solution sets,
but that the characteristic times are quite insensitive to it — at least within their admittedly
considerable uncertainty bounds.
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TABLE 2 Ion source operation parameters in the Former and New configurations corresponding
to Publications PI and PII, respectively. PII reproduced under the license CC BY 3.0
DEED, IOP Publishing Ltd. The AV values have been appended to this Table.

Configuration
Parameter Former New
By (T) 1.58 1.57
Biin (T) 045 0.44
Bext (T) 0.83 0.84
Microwave power (W) 504 530
Support gas species He H;
Pinj (x1078 mbar) 9.0  13.6
K™ intensity (nA) 710 500
K™ pulse width (ms) 5 5
AV (V) -3.9 -4.2

We showed that an arbitrary curtailment of the uncertainty bounds can greatly de-
crease the uncertainty of the CT-method results. This may motivate a more precise de-
termination of the high charge state elecron-ion impact ionization cross sections either
theoretically or experimentally. To our best knowledge we have for the first time ac-
counted for the cross section uncertainty in ECRIS plasma diagnostics, and at least in the
case of the CT-method the uncertainty propagates to the results in a great degree. It may
be of interest to study the effects of the uncertainty inherited by e.g. CSD simulations [61]
as well as any experiments which may employ the cross sections in their analysis.

5.3 Application to different source configurations

After the experimental campaign for PI, the LPSC charge breeder tuning and con-
ditioning were optimized. The improvements led to a K°* charge breeding efficiency of
20.4 % — an increase by a factor of two compared to the previous configuration. The
source operation parameters corresponding to the source configurations labeled Former
(PI) and New (PII), respectively, are given in Table 2. We wanted to ascertain whether or
not the method was sensitive enough to reveal differences in plasma parameters between
distinct ion source tunes, despite the large result uncertainty. We applied the CT method
in the New source tune to compare the plasma parameters between it and the Former oper-
ating configuration. Importantly, in the New tuning the support gas species was changed
from helium to hydrogen, and the injection pressure increased from 9 x 10~8 mbar to
13.6 x 108 mbar (same pressure gauge calibration). Microwave power was increased
from 500 W to 530 W. A slightly smaller 1+ injection intensity of 500 nA was used
compared to the Former 710 nA. The AV was around —4 V in both cases.

The effect of the pressure gauge calibration was not taken into account in PII. The
pressure readouts should be corrected so that the Hy reading is 27.2x 108 mbar and He
reading 541078 mbar. The neutral densities in these cases are (assuming an ideal gas)
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TABLE 3 Table of most probable values of 7, and (E,) between the Former (PI) and New (PII)
configurations of the LPSC 14.5 GHz ECRIS. Adapted from PII under the license CC
BY 3.0 DEED, IOP Publishing Ltd. The (E,) are rounded to two significant figures
for clarity.

e (x1011 cm—3) (E¢) (eV)

Ion Former New Former New

K5+ 1.0 1.0 100 130
Ko+ 1.3 1.4 120 120
K7+ 1.2 1.0 160 170
K8+ 1.4 2.1 150 210
Kot 1.0 2.6 290 360
Ko+ 14 2.5 350 520

approximately the same, because the hydrogen molecules dissociate in the plasma, which
doubles the corresponding neutral density.

The effect of the changed operating conditions on the electron density 7, and aver-
age energy of the EED (E,), as given by the CT-method, is shown in Table 3. The 7, and
(E.) increased clearly for g = 8+, 9+ and 10+, while no change in the values for lower
charge states was observed.

Figure 22 shows the difference in the characteristic times overlaid with the charge
breeding efficiency change. The relative difference of the characteristic times between the
New and Former configurations was calculated so that

AT = —New 4 (87)

TFormer

and expressed in percentages. The evolution of the charge breeding efficiency is given as
an absolute percentage change, i.e.

AW = !New — YFormer- (88)

The AT in the figure were calculated without uncertainty estimation.

It is evident from Fig. 22, that the change in the charge breeding efficiencies occur
due to the collective effect of the variation in the characteristic times: The charge ex-
change time decreases across all measured g, the effect of which is to deplete the high
charge states and to supply the lower g populations — which is reflected in the evolution
of the charge breeding efficiencies as a significantly increased efficiency for g < 9+ and
a decrease for ¢ > 10. The ionization time also decreases, but not as much as T¢x. The
decrease of Ty, counteracts the effects of charge exchange in particular for the low g pop-
ulations. The confinement time of the HCIs, in particular of K°t, is decreased, which
enables those ion populations to efficiently escape the plasma confinement, bolstering the
corresponding breeding efficiency.

The change in the characteristic times occurred through a combination of effects:
(i) In the (E,) range suggested by the CT-method, i.e. 100 eV-500 eV, the second ion-
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FIGURE 22 The absolute change in charge breeding efficiency Az and the relative change AT
in the characteristic times Teonf, Tinz, and Tex as functions of charge state. Adapted
from PII under the license CC BY 3.0 DEED, IOP Publishing Ltd.

ization rate coefficient of helium is an order of magnitude smaller than that of atomic?

hydrogen [92]. This and the slightly increased microwave power led to a greater 11, when
using hydrogen as the support gas, and a consequent increase in the local energy content,
ne (Ee), as well as a shorter Ty, for potassium. (ii) The larger charge exchange cross sec-
tion of hydrogen compared to helium [99] probably caused the decrease in T.x. No clear
cause for the decrease of the confinement time was determined, but (iii) the decrease
of T.onf for HCIs may have been due to the increased plasma density and a consequent
increase of the collision frequency.

We found in this campaign that the CT-method was indeed sufficiently sensitive
to enable us to deduce physical causes underlying the changes in the charge breeding
efficiency. Nevertheless, the large uncertainty bounds associated with the results still
inhibits analysis based on the absolute values of the plasma parameters attained, which
restricts us to discussing only the trends in the data.

5.4 Multi-component injection

We decided to attempt to enhance the experimental methods with multi-component
1+ injection. We hypothesized that the HCIs, which originate from the same plasma
region, could be used to decrease the size of the ((E,), n.)-solution sets by taking the
mutual overlap of the HCI solution sets. This could then lead to a reduced uncertainty

2 Strictly speaking the dissociation of Hy should also be accounted for, but the total amount of molec-

ular hydrogen in the plasma is small — at most ~50 % in a 2.45 GHz ECRIS [98]. In the core
plasma of an ECRIS for highly charged ions the fraction can be argued to be even lesser.
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FIGURE 23 Effect of overlapping high charge states’ solution sets. Subfigure (a) plots the outer
contours of K%+, K1 and Na’* solution sets obtained. The heat map of the corre-
sponding overlap is plotted in subfigure (b). Reprinted with permission from PIII,
Copyright © 2022 American Physical Society.

estimate due to smaller ((E,), 1,)-sets. Studying the transients of multiple species could
further decrease the uncertainty, because they have different electron configurations —
leading to different rate coefficients — and, hence, the same plasma conditions result in
different transient time series.

The 1+ ion source is typically loaded with a single component pellet, from which
singly charged ions are thermally emitted. Under such a configuration, the pellet needs
to be changed every time one wants to change the 1+ species. We circumvented this by
loading the 1+ ion source with a custom made pellet comprised of potassium and sodium
in a porous, refractory metal dispenser. This enabled us to measure the support plasma
properties using the two probe elements — without switching off the charge breeder in
between — by selecting the desired 1+ species for injection using the dipole magnet
upstream of the charge breeder.

With this amendment to the experimental setup, we measured in Ref. [93] the N+
transients resulting from the injection of K* and Na™ into a hydrogen support plasma.
Although it is not possible to state with absolute certainty which ions originate from a
given region of plasma, simulations [45] point to the fact that for ions with g above the
CSD peak we may assume them to originate from the same plasma volume. We therefore
took the overlap of the ((E,, 1) )-solution sets of K+, K10 and Na”* (the highest charge
state of Na for which a solution set was obtained). The outer contours of the solution
sets are plotted in Fig. 23 (a) and the heat map of the corresponding overlap is given in
subfigure (b). It can be seen that the Na’* solution set effectively restricts those of K
and K10+,

Tables 4 and 5 tabulate the results. In both tables the relative uncertainty is com-
puted from the asymmetric uncertainties so that

A N

ox+90
5x = 100% x y (89)
where dx > 0 is the upper, and dx > 0 the lower (absolute) uncertainty of xjgi . Itis

worth noting that typically 6x < dx. Therefore, although the relative uncertainty often
exceeds 100 % we do not, in fact, obtain negative values as results from the CT-method.
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TABLE 4 The plasma parameters 7, and (E.) and the associated uncertainties for high charge
states of K and Na, and for their mutual overlap. Adapted with permission from PIII,
Copyright © 2022 American Physical Society.

Set ne (10 em=3)  on, (%) (E.) (keV) & (E.) (%)
KoF 4130 325 1152 250
K10+ 413 300 1378 200
Na’+ 7t8 130 09752 570
Overlap 8*8 140 0.670% 150

TABLE 5 The characteristic times and associated relative uncertainties of ion confinement, ion-
ization and charge exchange for high charge states of K and Na both individually and
within their mutual overlap. Adapted with permission from PIII, Copyright © 2022
American Physical Society.

Teonf (M) (6T (%)) Tinz (ms) (6T (%)) Tex (ms) (6T (%))
Set Nooverlap  Overlap Nooverlap Overlap Nooverlap  Overlap
Kot 10 (140%) 8 (100%) 3.8 (40%) 3.5(30%) 9 (200%) 16 (85%)
K0t 19 (140%) 16 (100%) 8 (50%) 7 (60%) 8 (100%) 9 (90%)
Na’* 54 (55%) 5.7 (50%) 2.8 (25%) 2.8(25%) 20(95%) 19 (100%)

The electron densities and average energies are given for the individual ion popula-
tions and for their overlap in Table 4. As an example, the 611, /7, corresponding to K0+
decreases from 300 % to 140 %, and J (E,)/(E,) decreases from 200 % to 150 %. The
corresponding characteristic time values are tabulated in Table 5. The uncertainty com-
puted for the confinement time §T(f]0nf / chonf decreases from 140 % to 100 %. It can be
seen that taking the overlap reduces the uncertainty of the confinement times in particular.
The benefit to the ionization times is lesser due to the already small uncertainties.

In addition to taking the overlap of the high-g states of the two species, we checked
the effect of (i) overlapping the solution sets of two different isotopes of potassium (*?K
and #'K), and (ii) overlapping the solution sets of high charge states of potassium. The re-
sults can be summarized as follows: In case (i) there was no effect, as expected. The two
isotopes are near in mass and their electron configurations are the same. Therefore, no
change in the plasma parameters or uncertainty was expected; In case (ii) we also found
improvements in the result precision. Taking the mutual overlap of K%, K10+ and K11+
reduced the uncertainty of (E,) to 85 % and of 7, to 60 %. Smaller improvements were
observed in the characteristic times. Overlapping high charge states of a single species,
therefore, can aid in improving the result precision, although it requires the measurement
of higher charge state transients, for which the signal-to-noise ratio can be poor.

By probing the plasma with multiple species and applying the overlap-technique to
the HCIs, we were able to reduce the uncertainty associated with the HCIs considerably,
but the uncertainties remained large regardless. At this stage we had performed initial
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tests in arbitrarily curtailing the uncertainty of the ionization cross section data (taken
from literature), which suggested that the result precision could be improved if only we

; ; inz
had more precise estimates of Oag 41

5.5 Parameter dependencies revealed by the CT-method

The ECRIS operating parameters, such as gas injection rate, magnetic field strength,
microwave power and frequency, can be viewed as “knobs” that the ion source operator
can tune to effect a change in the plasma parameters. The effect of a given operating pa-
rameter on the plasma condition is not straightforward, and a change in one set parameter
can cause variations in multiple plasma parameters. As an example, increasing the neu-
tral gas injection rate will of course increase the plasma neutral density 7g, but through
ionization of the neutrals the electron density 71, will also increase (as well as the ion den-
sities n7). The change in 7, can further modify the ion temperature (through ion heating
via electron drag), the plasma potential ¢ and the potential dip depth A¢. Consequently
the ion confinement properties are affected. All this will contribute to a change in the
plasma CSD and the extracted beam CSD, which is the object of primary interest for the
ion source operator.

Plasma diagnostics are applied to determine the effects that tuning these knobs has
on the plasma. A very usual type of experiment is the parameter sweep, where the ion
source is first tuned to some starting configuration — e.g. optimal production of some
high charge state ion beam — and the source tuning is then varied by adjusting just one
set parameter. Chosen plasma diagnostic methods are applied in each new configuration
to determine the consequent variations in the plasma parameters probed by the diagnostic
as a function of the operating parameter.

In PV we performed parameter sweeps of the microwave power, support gas pres-
sure, magnetic field minimum B,;,, and magnetic field intensity at the extraction Bey:.
These parameters were chosen as they influence the CSD, and the EED, #,, ny and the
plasma confinement properties — i.e. all the plasma parameters within the reach of the
CT-method.

We choose the microwave power sweep as a good case study of the parameter
sweeps, because it showed clear trends in the plasma parameters, and plasma diamag-
netism experiments are available [22] for a comparison of the energy content trends. In
the microwave sweep the heating power was varied between 150 W and 600 W. The N+
transients for K4*—K1?* were collected and analyzed, leading to the plasma parameters
for KO—K19+  The uncertainties of the CT-method results remain large, and in the fol-
lowing we consider only the median values for clarity of presentation. The focus of the
analysis should then be kept in the trends visible in the data, rather than the absolute
values. Similar deductions can be made based on the other parameter sweeps.

The variation of the energy content as a function of charge state is plotted in Fig. 24 (a).
Note the charge state dependence, which hints at the nested layer spatial distribution of
ion populations, as discussed in Section 5.1. Figure 24 (b) plots the energy content ob-
tained through plasma diamagnetism experiments from Ref. [22] for comparison. We
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observe that the trends are essentially the same — i.e. an increase with the input power —
but the diamagnetism values are approximately an order of magnitude greater than those
from the CT-method. This difference may be due to the diamagnetism experiments prob-
ing mainly the hot electrons, while the CT-method is sensitive to the electron populations
more relevant for ionization. The order of magnitude difference may thus arise if, for
example, only 10 % of the electrons are hot electrons.

The increase of the energy content with microwave power is most likely due to the
increase of (E,) rather than 1,, as evident from Fig. 25 where the solution sets of K10F
are plotted at 150 W and 600 W input power. As shown in the annotations, the 7, remains
almost unchanged at approximately 5 x 10'! cm~3, which is typical for ECRIS plasmas,
but the (E,) increases from 1 keV to 1.5 keV.
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FIGURE 24 Energy contents as functions of charge state for different microwave powers (a),
and from diamagnetism measurements. Subfigure (a) from PV reproduced under
the license CC BY 4.0 DEED. Subfigure (b) adapted from [22], with the permission
of AIP Publishing.

The hierarchy of the characteristic times is of particular interest, since the magni-
tudes of Tconf, Tinz, and Tcx determine the CSD through the balance equation (37). We
deduced in PV that for the production of HClIs, the desired hierarchy between the charac-
teristic times is

Teonf = Tinz and (90)
Tex = Teonf- (91)

This is of course equivalent to Teonf — Tinz > 0 and Tex — Teons > 0.

In Fig. 26 we have plotted the characteristic times ((d), (e), (f)), the charge breed-
ing efficiencies (c), and the values Toonf — Tinz and Tex — Teonf ((@), (b)) as functions of
charge state. We note first that the extracted beam CSD (as represented by the breeding
efficiency) shifts towards higher charge states as the microwave power is increased. In
particular, the efficiencies 7*T—;8* first increase up to around 350 W, and subsequently
decrease. The efficiencies 179+_;712+ increase monotonically as the input power is in-
creased.

Figure. 26 (a) and (b) compare the magnitudes of Teonf tO Tinz, and Tex tO Teonfs
respectively. The positive regions of the respective subplots correspond to the desirable
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FIGURE 25 Solution sets of K19 at (a) 150 W input power, and (b) 600 W input power. The
median values of 7, and (E,) are annotated to the plots. PV reproduced under the
license CC BY 4.0 DEED.

cases of Egs. (90) and (91). We observe in (a) that for the low charge states K6t and K7
the hierarchy degrades slightly as a function of increased power. From subfigures (d)
and (e), this 1s apparently due to mostly to the decrease of the confinement time. For the
charge states >K8t the hierarchy improves, i.e. Teonf — Tinz becomes more positive —
mostly owing to the decreased Tjy;.

On the other hand, Fig. 26 (b) shows that, as the input power is increased, the
hierarchy between T.x and T.onf remains the same up to the highest input power until it
suddenly degrades for K° and K19+, For K’* and K8 there is no apparent change,
and the condition improves for Ké*. The sudden increase for the high charge states
is attributable to the growth of the confinement times T.ons and the simultaneous slight
decrease of Tcx.

These observations are in agreement with the obviously increased mean charge state
in the CSD of Fig. 26 (c). Moreover, the availability of the characteristic times allows us
to identify bottlenecks in the ion production chain. Subfigure (a) suggests, that an increase
of the power input might not yield unlimited improvements in the extracted CSD, since
the hierarchy of the low charge states has a decreasing trend with power, and could in fact
become negative. From (b) we can infer that the CSD could be pushed further towards
the higher charge states by either an increased T.x or a decreased Tcons. Of the two, the
charge exchange is under more direct control either by (i) decreased neutral gas input or
(ii) a change of the support gas species to one with a higher first ionization potential.

As a caveat to the preceding analysis, we point out that although the changes in
the characteristic times are visible, the considerable uncertainties associated with them
prevent us from drawing conclusions on the precise causes behind their evolution with
the input power. As a particular example, the increase of Ty, for K10 at high power is
counterintuitive, and it is possible that the true values are hidden under the error bounds.
There are also evident discontinuities in trends, e.g. in Fig. 26 (a) the K°T hierarchy at
350 W power.

The key takeaways from the experimental campaign pertaining to Publication PV
are as follows: We were able to show that the CT-method is sufficiently sensitive to probe
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variations in the plasma condition as a function of the source control parameters. Al-
though the uncertainties associated with the CT-method results remain large, the observed
trends are in agreement with results obtained using e.g. diamagnetic loop measurements.
The method provides information on the characteristic times, which are inaccessible by
other methods, and these are shown to provide the ion source operator with critically
important knowledge of the bottlenecks which may inhibit the production of HCIs. In
particular, the hierarchy of the characteristic times established in PV provides a useful
diagnostic for possible avenues of improvement in either the source tuning or even the
overall design of the ion source.
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6 CONCLUSION

In the experimental campaigns conducted in Publications PI-PV we have estab-
lished the Consecutive Transients method for ECRIS plasma diagnostics. The CT-method
is the newest edition in a continuum of transient material injection methods which date
back to the 1990s. These methods are based on pulsewise injection of a given element
into a support plasma sustained in the ECRIS, where the injected particles are captured
and ionized to higher charge states. Ultimately, the ions escape plasma confinement and
a fraction of them are extracted as ions at charge state 4. The corresponding beam current
transients thus formed are experimentally measured, and their time series are analyzed.
As a result, the plasma electron average energy (E,) and density 7, are obtained, along
with the characteristic times of ion confinement, ionization and charge exchange T.onf,
Tinz, and Tx, respectively.

The CT-method is fundamentally similar to the established transient methods in its
experimental arrangements. The choice of material injection technique is basically arbi-
trary, but the 1+ injection system available at the LPSC 14.5 GHz PHOENIX-type charge
breeder test bench, which was employed in the experimental campaigns discussed herein,
enabled precise regulation of the amount of material injected. It was therefore possible to
minimize and control the scale of the perturbation on the support plasma, which is key in
ensuring that the plasma parameters do not change due to the experiment. The constancy
of the plasma parameters in time is a primary assumption of the CT-method — similarly
to the previously established transient methods.

The improvements provided by the CT-method lie in the model based analysis of
the extracted beam current transients. The analysis is based on the beam current balance
equation (70), which is derived from the ion density balance equation (37) — the foun-
dation of earlier methods. This improvement is critical for the accuracy of the results,
because the beam currents are not directly proportional to the ion densities, but rather
they are modified by the confinement time so that 7 o< n7/ chonf‘ In contrast, earlier tran-
sient methods have essentially presumed that [7 o« n‘, which leads to an underestimation
of the HCI densities in particular as the high g ions are more strongly confined than the
lower g ions. This is rectified in the CT-method by use of Eq. (70).

In developing the CT-method we strove for a parsimony of assumptions. In particu-
lar, we avoided presuming a certain confinement model which would yield Tonf, because
it is most likely that no single confinement model suffices to describe the total ion confine-
ment in the (steady-state) non-equilibrium ECRIS plasma. Ultimately, we arrived at an
optimization routine which is based on the analysis of multiple (> 5) consecutive charge
state transients, and which requires a foreknowledge only of the ionization cross sections
and the EED. The cross sections are adopted from existing literature, and the EED is pre-
sumed to be Maxwellian, although we are not restricted to that choice.

The optimization is done by forming a penalty function F((E,),n.) by algebraic
manipulation of the fitting coefficients obtained from fits to the transient time series using
Eq. (70). It should be noted that the CT-method is quite sensitive to the noise-to-signal
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ratio in the measured transients, and best efforts should be made to minimize it. Espe-
cially the high charge state transients, whose signals are low, are prone to yield poor fits
which have resulted in rogue data points. The best way to minimize noise is to increase
the material injection intensity and the length of the pulse, but care must be taken to si-
multaneously control the support plasma perturbation to avoid corrupting the experiment.

Through the optimization routine we obtain a set of solutions ({E,) ,n,.) for N — 4
ion populations, where N is the number of consecutive transients measured. These so-
lution sets are constrained using physical constraints, i.e. conservative lower and upper
bounds for 1., and (E,) as implied by existing ECRIS research; and the requirement that
each of the characteristic times satisfy T > 0. This routine enables us to naturally intro-
duce a Monte Carlo method for estimation of the uncertainty originating from the litera-
ture values of the ionization cross sections, which can be as high as 200 %. The estimation
procedure is simple: The optimization routine is repeated N > 1000 times, and in each
iteration the ionization rate coefficients are biased by a random factor B; ~ U(—dc, dc),
drawn from the uniform distribution U, where ¢ is the uncertainty of the ionization
cross section. The results ((E,),n.) are collected from each iteration to yield the final
solution set, which thus incorporates solutions obtained by comprehensively sampling the
uncertainty bounds.

The CT-method uniquely incorporates the uncertainty of (T;IE) g+10 and we have
shown in Ref. [100] that the error propagates to our results in a large degree. We found
that by curtailing the cross section uncertainty, great reductions in the plasma parameter
results can be achieved. It is likely that other experiments which employ Oj;i g+1 would
also benefit from such an uncertainty estimation, and a revisit of the experimental / theo-
retical cross section data to sharpen the error estimates may be desirable.

In Publication PIV we also investigated the effect of the presupposed EED. We
focused on the effects to the results from varying the high energy tail of the EED, since
measurements of the lost electron energy distributions and bremsstrahlung emissions sug-
gest that the hot electron component in the ECRIS plasma may be considerable. We found
that the effects were primarily on the (E,) , 1, solution sets, while the characteristic times
were less affected. The results of Ref. [100] indicate that the choice of the plasma EED
is important for the determination of (E,) and n,, and its importance is emphasized if the
cross section uncertainty can be reduced.

In addition to (E,) and n,, the characteristic times of ion confinement Teopf, i0n-
ization Tj,, and charge exchange 7.« are obtained. Due to the large uncertainty bounds it
is difficult to draw sound conclusions based on the absolute values of the characteristic
times, but Refs. [101] and PV demonstrate that the CT-method is sensitive enough to al-
low inferences to be made from the trends observed in the plasma parameters changing
with the source tune. In particular, Publication PV demonstrated the importance of the
hierarchy of the characteristic times (as expressed in Egs. (90) and (91)), which presents
an important new diagnostic for the ECRIS operator for identifying bottlenecks in the ion
production process. The Figs. 26 (a) and (b), and the associated discussion in Section 5.5
give an example of this: When Tcons > Tin, and Tex > Teonf, HCI production is enhanced.

We have obtained ion confinement times that exceed 10 ms for HClIs, e.g. 39Kg9+/10+
in Fig. 17. With such a 7., the simplified electron-drag heating (presented in Sec-
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tion 1.5) would enable KT to be heated to an energy around 15 eV, given T, = 500 eV,
ne = 5 x 10Mem=3 and InA = 10 — consistent with results obtained with the CT-
method. This ion temperature is in agreement with that found experimentally for Ar’+
(T; =~ 12 eV) in Ref. [33] in a conventional ECRIS using similar microwave heating
power and 14 GHz frequency. The charge state dependence of the confinement time
found in this work is also mutually corroborative with the charge state dependent ion tem-
peratures of Ref. [33], since in this heating scheme an ion with a longer confinement time
will gain more energy from the electrons. We remind the reader that these confinement
times were obtained with the simplifying assumption that the ions do not exchange energy
between one another. Including this would deplete the temperature of the higher charge
states, since the low g ions have shorter T.onr. The analysis was also conducted in the
steady-state for established ion populations. It would be interesting to perform a stochas-
tic simulation of the heating of independent ions introduced to the plasma as neutrals
or 1+ ions: The ion would be heated by electrons throughout their cumulative lifetime
as their charge state gets increased and decreased by ionization and charge exchange —
i.e. the ion spends time at different charge states and is hence heated at different rates at
different points in its lifecycle, until it finally escapes the plasma. The resultant energy
distributions of the lost ions should ideally agree with the model presented here.

Our results suggest that it is possible that the low and high charge states obey differ-
ent confinement schemes, with the high charge state ions being confined electrostatically
in the potential dip within the plasma potential profile. Since the HCIs are highly col-
lisional (collisionality #7 > 1), the moderately collisional scheme of Eq. (43) does not
seem applicable. Nevertheless, the long confinement times of the HCIs could be repro-
duced by an exponential dependence on the charge state which suggests that Eq. (58)
might be suitable, if the |A¢| is sufficiently large. In Ref. [21], however, the ambipo-
lar confinement model represented by Eq. (57) was found to reproduce the timescales of
Tconf determined from ion source end loss fluxes in the steady-state. The transient mea-
surements of Ref. [39] on the other hand also point to confinement times of up to 10 ms
(with the caveat of a presumed linear charge state dependence), which support our find-
ings. Long confinement times are also supported by the charge state dependent, high ion
temperatures of Ref. [33]. Clearly, more thorough investigations are required.

In PIII we established multi-component injection and solution set overlaps as an
amendment to the experimental and computational procedures of the CT-method. Probing
the support plasma properties using two different ion species enabled further restricting
the solution sets of the HCIs. This lead to a reduction in the uncertainty of the results. This
approach also has its drawbacks: Applying the overlap method presented in PIII requires
the additional assumption to be made, that the HCIs originate from the same plasma re-
gion. While it is well established in both experiments and through simulation results that
the HClSs are localized closer to the plasma chamber axis, it is not clear where to draw the
line between a low charge ion and a highly charged ion. We have used simulation results
to justify the postulate, that ions above the CSD peak can be considered to originate from
approximately the same plasma region, but more evidence is needed to totally ascertain
this. Additionally, the overlap method can only be employed for a fraction of the mea-
sured transients (i.e. those above the CSD peak), while knowledge of the lower charge
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states too is required to draw conclusions on the data. Fortunately, the lower charge states
have in general lower uncertainties than the HCIs. In principle, multi-component injec-
tion could be adapted to use cases where laser ablation or sputtering are used for material
injection. One would then use a laser ablation target or sputter probe tip comprised of
more than one element.

The original motivation for the development of the CT-method was to determine the
total confinement time of an ion injected into a charge breeder ECRIS. This is of great
importance for the production of radioactive ion beams where the isotope of interest has a
lifetime on the order of a second or less: The ion needs to be charge bred to a high charge
state for post-acceleration to energies required for nuclear physics experiments. This
charge breeding process must take place in a timescale short compared to the lifetime of
the nuclear decay for the isotope, or else the beam intensity necessary for conducting the
nuclear physics experiment cannot be achieved.

We have shown that the CT-method can be used to obtain the characteristic times of
ion production for a portion of the ion populations whose beam currents are experimen-
tally measurable. To deduce the beam currents of RIBs from the characteristic times of
their stable proxy isotopes, one would have to solve the balance equation amended with
radioactive decay, 1.e. Eq. (79). In effect, the characteristic times of the ion populations
inaccessible through the CT-method would have to be extrapolated based on those that
can be determined. These would then be substituted into Eq. (79) which can be solved,
e.g. using a Runge-Kutta method. The resultant ion densities can then be related to the
beam currents via Eq. (65), which describes the proportionality of 17 to n4.

Such an analysis has not been carried out due to time constraints. If this analysis
is undertaken, the results should be compared with those obtained using the traditional
charge breeding time (T.p) measurements such as those presented in Ref. [73]. The mea-
surement of T, is much more straightforward, and is equally invasive / non-invasive as
the CT-method. If both methods yield similar (and correct) estimates for RIB intensities,
the measurement of 7., should be preferred for that purpose.

In principle, all CB-ECRISs are equipped with the necessary diagnostic tools re-
quired to apply the CT-method, since only an appropriate pulsed material injection method
and beam current measurement are required. The CT-method has been proven to be suit-
able at least in the case of 1+ injection, but both pulsed sputtering and laser ablation
could be applied in principle. The perturbation on the support plasma may be further
mitigated by amplitude modulation. There are indications [42] that the sputtering voltage
causes a significant perturbation on the support plasma, which should be mitigated e.g. by
means of amplitude modulation. The ct-analyzer, which implements the numerical rou-
tines discussed in Section 4, is openly available at https://www.github.com/misapema-jyfl/
ct-analyzer.
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Abstract

A new method for determining plasma parameters from beam current transients resulting
from short pulse 1+ injection of metal ions into a Charge Breeder Electron Cyclotron
Resonance Ion Source (CB-ECRIS) has been developed. The proposed method relies on few
assumptions, and yields local values for the ionisation times 1/n. (av);njq 41, charge exchange
times 1/no (ov);*,, ,, the ion confinement times 77, as well as estimates for the minimum
plasma energy contents n. (E.) and the plasma triple products n. (Ee) 77. The method is
based on fitting the current balance equation on the extracted beam currents of high charge
state ions, and using the fitting coefficients to determine the postdictions for the plasma
parameters via an optimisation routine. The method has been applied for the charge breeding
of injected K™ ions in helium plasma. It is shown that the confinement times of K9 charge
states range from 2.675% ms to 16.47;%® ms increasing with the charge state. The ionisation
and charge exchange times for the high charge state ions are 2.6f8‘§ ms712.6f§:g ms and
37150 ms-357.71395 7 ms, respectively. The plasma energy content is found to be
25713 x 10" eV /em®.
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1 Introduction

Minimum-B Electron Cyclotron Resonance Ion Sources (ECRIS) [1] are widely used to produce ion
beams for particle accelerators and as charge breeders in ISOL facilities [2], [3]. The performance
improvements of these installations are dependent in part on the ECRIS development, which is
driven by empirical laws obtained from decades of research and development. Despite recent studies
using optical spectroscopy methods [4], [5] and 1+/n+ diagnostics [6], [7], understanding of the
fundamental ECRIS plasma behavior, such as the ion confinement, the electron energy distribution
or the plasma electrostatic potential distribution is still imprecise.

In the ECRIS, Highly Charged Ions (HCIs) are created through stepwise electron-impact ioni-
sation, whereas the principal charge decreasing mechanism is due to charge exchange with neutral
atoms, which dominates over radiative recombination (Ref. [8] via [9]). The confinement of ions
inside the plasma volume determines on one hand the time scale in which an ion may become
further ionised, and on the other hand the rate at which the ions escape confinement and become
available for beam formation. The plasma characteristic times — the ion confinement time, the
ionisation time and charge exchange time — therefore play an important role in obtaining high
intensity beams of HCIs. Shorter ionisation times and longer confinement and charge exchange
times lead to more efficient HCI production.

Experimentally, only a limited number of physical quantities can be observed, due in part to
the fact that access to the plasma is technically challenging owing to the surrounding components,
but also because the measurements must be limited to non-invasive methods in order to avoid
corrupting the results by perturbing the plasma state. At present this means that one is limited to
measuring the plasma radiation emissions, and the particles escaping confinement e.g. by measuring
the extracted beam current.

Transient methods for studying the effects of material injection on the extracted beam currents
were first proposed by Pardo [10]. These methods consist of pulsed injection of material into the
support plasma and analysing the responses observed in the extracted current. Several techniques
are used for pulsed material injection, e.g. laser ablation [11], fast gas injection [12] sputtering [12]-
[14], and 1+ injection [7]. A OD code is then generally used to reproduce the measured beam currents
by numerically optimising the plasma parameters involved in a system of differential equations
formed by physical models describing the plasma [10], [15], [16].

In this work such transient measurements were conducted using short pulse 1+ injection of
K into a He support plasma of a Charge Breeder ECRIS (CB-ECRIS) [17]. 1+ injection was
chosen, because the number, energy and capture rate of injected particles can be precisely managed
by tuning the 1+ source, contrary to e.g. sputtering where the yield depends on the energy of
the ions bombarding the sample and, therefore, on the (unknown) local charge state distribution
of the plasma. Alkali metal ions were chosen as the injected species to prevent wall recycling
effects, and the helium buffer was used to obtain a clean Charge State Distribution (CSD) with
as few overlapping peaks in the ¢/m spectrum as possible. In the case of a heavier support gas,
overlapping peaks should be resolved using a high precision spectrometer or collimation system. A
critical reason for using K as the injected species was that the necessary ionisation rate coefficient
data was readily available.

We propose a new 0D-approach for analysing the current transients. For this purpose the
balance equation governing the time evolution of the ion densities is converted into extraction
current formalism, and the resultant differential equation is fitted on three consecutive charge state
currents. The obtained fitting parameters are used to calculate the plasma characteristic times,
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energy content and triple product. Because the fitting is done on only three charge states at a
time, the results derived from them are local to the plasma volume where they originate. The
basis of the method is laid out in detail in sections 2, and 3, and the experimental methods are
described in section 4. As a further improvement to pre-existing 0D-methods, this one can be applied
without a priori knowledge of input parameters (T, T}, ne,ng,...) or assumptions regarding the
ion confinement scheme, while still including ionisation, charge-exchange and particle loss channels
in the model. This method thus provides important improvements on the approach employed e.g.
in Ref. [16], where the ion beam current is taken to represent the plasma internal CSD directly, and
the confinement time is assumed to be a linear function of the ion charge state ¢, which is not the
case as per our results.

The scope of this work is to rigorously introduce the novel method which can then later be used
for parametric studies, and to describe the experimental and numerical procedures involved®.

2 Theoretical foundations

The balance equation [1], [18], [19] defines a group of coupled differential equations, which describe
the time evolution of the ion population densities in the plasma. For the charge state ¢ the temporal
change of the number density, n4,2 is given by:

dnq inz q—1 inz q
o + <O’U>q_1_>q nend™ " — (av>q_>q+1 NeN
+ <O'U>zczilﬁq non*t — (Uv>tczxﬁq71 non? (1)
nd
e

CcX

Here the rate coefficients (av)ilni g1 and (ov) ", describe ionisation from state ¢ to ¢ + 1, and
charge exchange from state ¢ to ¢ — 1 respectively. The ionisation is assumed to occur in a stepwise
process with electrons (density n.) and charge exchange with the neutral atoms of the support
plasma (density ng). The last term in the balance equation depicts the actual loss rate of ions from
the plasma volume, and defines the confinement time 77 of the ion population. In our treatment
both n. and ng are assumed to be fixed by the supporting He plasma. In the case of a non-
metallic injected species, the balance equation should be amended with a term accounting for the
wall recycling effect. There are no fundamental reasons for why such a source term could not be
included but it would increase the uncertainty. Thus, for the experiments introducing the method
we have chosen alkali metal injection.
The reaction rate coefficient is defined as the weighted average

(ov) = /0 o (v) of (v) du, @)

where v is the relative speed of the interacting particles, o the reaction cross section, and f the
probability distribution for the relative speed.

L Access to the numerical code and the data that support the findings of this study are openly available at the follow-
ing URL/DOI: https://github.com/misapema- jyf1l/popTauPy (code), doi:10.6084/m9.figshare.13602827.v1 (data)

2The subscript 4 specifying the ion species is omitted as the support plasma perturbation is assumed small enough
to be negligible, and the group of differential equations can be written solely for the injected species.
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Table 1 — The coefficients for the Voronov semi-empirical analytical equation for the electron-impact
ionisation rate coefficient in the case of potassium. d F is the ionisation threshold for the charge state
q ion, while P, A, X, and K are experimentally determined fitting coefficients. Data corresponding
to ionisation from closed electronic shells are highlighted. Data from Ref. [20].

q OE(eV) P A X K
0+ 4.3 1 2.02B-07 0272 0.31
1+ 316 1 4.01E-08 0371 0.22
2+ 458 1 15E-08 0433 0.21
3+ 609 1 1.94E-08 0.889 0.16
44 827 1 6.95B-09 0494 0.18
54 994 1 4.11E-09 054 0.17
6+ 1176 1 2.23E-09 0519 0.16
7+ 1547 1 2.15E-09 0.828 0.14
8+ 1758 0 161E-09 0.642 0.13
9+ 504 1 1.07E-09 0.695 0.13
10+ 5647 1 3.78E-10 0.173 0.3
11+ 6294 0 6.24E-10 0.418 0.33
12+ 7146 1 229E-10 0.245 0.28
13+ 7866 1 186E-10 0.344 0.23
14+ 8611 0 269E-10 0.396 0.37
15+ 968 1 1.06E-10 0.912 0.13
16+ 10534 1 4.24E-11 0.737 0.16
17+ 46109 0 1.38E-11 0416 0.34
18+ 49341 1 3.67E-12 0.555 0.18

In this work, the ionisation rate coefficients of K¢t were estimated using the semi-empirical
expression by Voronov [20]:

1+P- UV o

inz . 3 /q
(o) i1 = X1 U U%e cm® /s, (3)
with SE
U= T (4)

Here the coefficients A, P, K and X are empirically determined coefficients from best fits to data,
and JE is the ionisation threshold energy. The coefficients are tabulated in Table 1 according to
Ref. [20]. It should be noted that Equation (3) and the tabulated coefficients assume the Maxwell-
Boltzmann (M-B) distribution. The assumption of a M-B EED is a strong one, but one that
is commonly used and mathematically well-defined. Since there is no knowledge of the energy
distribution of the confined electrons [21], we have elected to use the rate coefficient formula based
on the assumed M-B EED.

The cross section for charge exchange between an ion at charge state ¢ and a neutral atom can
be estimated as [4], [22]

cx 2 IO 2
Tg—q-1 = 04\ Zeft, (5)
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where r( is the Bohr radius, Iy the ionisation potential of hydrogen, I the ionisation potential of
the neutral atom, and Zeg [23], [24] its effective proton number as seen by the valence electron after
the screening by inner shell electrons has been accounted for. Equation (5) is a geometrical cross
section based on the Bohr atomic model.

The og*,,_; is independent of the interaction energy up to around 10 keV /u [22], which is vastly
in excess of the energy that an ion may realistically gain in the ECRIS plasma (T; ~ 10 €V [4], [5]).
Therefore, the rate coefficient for charge exchange may be obtained relatively simply as

8T

<Uv>zx—>q—1 = O-g)i)qfl <U7(,1> = O-Ziqfl rn;_? (6)

where (v]) is the average speed of ions given a Maxwell-Boltzmann distribution, and m; is the
ion mass. In the above derivation neutrals were assumed cold relative to the ions.

2.1 Conversion of the balance equation to beam current formalism

The extracted beam current for charge state ¢ can be expressed as [25], [26]

nige nf
19 = kFg(2L)S 73 x T—qq, (7)
where « is the transmission efficiency of the low energy beamline, 2L is the length of the plasma
chamber, S the area of the extraction aperture, n? the number density of ions at charge state ¢,
e is the elementary charge, and 77 the confinement time of the population of ions at charge state
q. Equation (7) has been generalized by introducing the constant factor Fz, which depends on the
extraction mirror ratio of the magnetic confinement structure. Assuming, that s, S and L are the
same for the consecutive charge states ¢ — 1, ¢ and ¢ + 1, they can be absorbed into one constant
which disappears upon substitution to the balance equation. The balance equation becomes in the
extraction current formalism

d inz q Tq_l —1
Elq =N <0”U>q_1_>q m?lq
. (n (o)™ 4o (o), + 1 /Tq) I 8)
ex g T q+1
+ng <Uv>q+1—>q q+717] )
By defining:
_ inz q qul
Qg = Te <Uv>q71~>q q—1 74 9)
by = (ne (0v) )5 qir T o (o), )+ 1/7-‘1) (10)
- ox q Tt
Cq = Ng <Jv>q+1—>q g1 70 (11)
equation (8) becomes
d
&Iq =a "t — b I+ c 17T (12)
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Equation (12) may be used to determine the parameters aq, by, and ¢4 by fitting to experimentally
measured beam current transients d/?/d¢. This procedure is described in section 3.1. Because the
fitting procedure is performed on three consecutive charge states at a time (as opposed to all of the
charge states simultaneously), the obtained results correspond to plasma conditions at the location
of origin for the charge states in question i.e. the results for each charge state are local.

We assume, that the plasma parameters are constants in time, i.e. that the perturbation on
the support plasma caused by the 1+ injection pulse is sufficiently small, for n., T., ng, the ion
temperatures 7} and confinement times 7¢ to be determined by the support plasma; rendering ag,
by, and ¢, constant. The validity of this assumption is discussed in section 6.

2.2 Deconvolution of the characteristic values from the fitting parame-
ters

The definitions (9), (10) and (11) hold for all q. From equation (11) we obtain (by choosing

q—q—1)
cx q_l T4

Cg—1=n0(0V), ", 4 Ty rT (13)
which can be rearranged to obtain
-1
ng <av)flx_>q_1 = . g 1 %cq_l. (14)
The fraction 797! /77 can be obtained from equation (9) as
el e (15)
T4 4 ne{ov),” .,

By substituting equations (14) and (15) into equation (10), we obtain an expression for the con-
finement time:

q—q+1 e <0_v>';n_zl_>q

which is a function of n., T, and the fitting parameters. From equation (15) (making the substitution
q — q + 1) one obtains

1
= by —ne (ov)™ ach_1> 7 (16)

q Ag+1 71 (
: = ) 17)
1
qg+1n, <(m>:;fq+1 Tt

The confinement times in Equation (17) can be calculated using Equation (16) (simply substituting
q — g+ 1 to obtain 79F1). This leads to the following equation for n. and T:

o inz - Aq+1¢q
q Ag+1 b1 = Me (00) g 1gsn ~ i guii (18)
1 inz - B inz - agCq—1
a+1ne(ov), 1 bg =1 {00) 541 — piomiE

q—1—gq

where the T, dependence resides in the ionisation rate coefficients. Having determined the coeffi-
cients ag4, by, and ¢, from the experimental data it is possible to search for the allowed pairs of the
parameters n, and T, which satisfy Equation (18). Mathematically the equation of two unknowns
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has an infinitude of solutions, but the solution space may be constrained by physical considerations
as explained in Section 3. The solution pairs constitute the set of postdictions for the possible range
of (ne, T,) values in the support plasma, which could account for the measured ag, bq, ¢4 coefficients.

The ionisation time (1/n. <av)i;f>q+1) can be calculated using the obtained (n.,T:)-pairs and
Equation (3). One may then also calculate from the definition (10) of the parameter by, the

characteristic charge exchange time:

. -1
1o 000,y = (b = 1/ne (00,00 = 1/77) (19)

Note, that formulas (16), (17), (18), and (19) do not describe physical dependencies of observ-
ables on plasma parameters, as they are merely formulas for calculating their values based on the
fitting coefficients, and other plasma parameters.

3 Numerical methods

3.1 Determining coefficients a,, b, and ¢,

Equation (12) can be used to obtain the coeflicients aq, by, ¢4 by fitting to the measurement data,
but due to the noise involved in the current measurement, calculating the derivative to make the fits
is not practical. We instead used the 4" order Runge-Kutta method to solve for J9(t) the system

1974(t),
39(t) = 1971 (t) — m3(t) + nIoHL(L), (20)
1971(2),

where 7971 and I9t! are taken from the measurement, and coefficients I, m,n can be varied. The

residual of the measured current I9(¢), and J9(¢) is then minimised by the least squares method
where the [, m and n corresponding to the minimum residue are taken to represent a,, by, and c,.

3.2 Determining the plasma parameters

In order to find the pairs n.,T., which satisfy the Equation (18), we defined a penalty function,
namely the deviation of the two terms set by Eq. (18)

Fi(n,,T.) =
4 Aq+1 _ a1 = e {TV)g Y1 g2 ﬁ / q Qg+1 (21)
a+ine <UU>;H_Z“1+1 bg — e <UU>§JH—Z>q+1 - #&, 4+ 1n <Uv>i1n—z>q+1
which was minimised with the constraints
0< 9,
0 < 79t
0<1/ng(ov)es,, 1, (22)

Ne low <Mne < Ne,co,
Te,low < Te < Te,high
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where 79 and 79" were calculated using Equation (16), and 1/ng <ov)§x_>q_1 using Equation (19).
The first three constraints are intuitive as they merely state that the characteristic times are positive.
The upper limit for the support plasma electron density n. can be taken to be the cut-off density
which can be calculated from [1]
2

Ne,co = M’ (23)
where ¢ is the vacuum permittivity, m. is electron mass, e the elementary charge and f is the
frequency of the inbound microwave. For the 14.5 GHz microwaves this value is 2.61 x 10'2 cm™3.
The lower limit for n. can be approximated based on the results from Ref. [6], where it was found
that the lower limit for n. increases as a function of the microwave power: Using 14.5 GHz frequency
and 470 W microwave power they found ne jow to be 4.4 x 10 em™3. As a conservative lower limit,
we take ne jow = 1 % 10! ¢cm™3 for the 500 W microwave power used herein. The lower limit for
the electron temperature is positive and non-zero, and T¢ jow = 10 €V was chosen as it corresponds
to the order of magnitude of the plasma potential [27]. The upper limit T¢ nign is set to 10 keV,
as according to Ref. [28] (as cited in Ref. [26]) the fraction of electrons having an energy higher
than a few keV is between 20 % and 50 %. This corresponds to the warm electron population,
which mostly accounts for the ionisation processes within the plasma. Based on an analysis of the
solution sets (see supplement A.4) only such minima for which F4(n.,T,) < 10~ were accepted,
and solutions leading to negative (i.e. unphysical) results were discarded.

The semi-empirical analytical expression (3) was used to evaluate the necessary rate coeflicients.
In order to account for the uncertainty of Eq. (3), a Monte Carlo approach was employed, where
a random systematic bias — within the uncertainty limits given for the formula — was added to
each rate coefficient involved in the function F9(ne,T,). According to Voronov in Ref. [20], the
uncertainty of the rate coefficients is 40 % — 60 %.

The flow of the code is illustrated in Figure 1. The algorithm was run using 1000 different,
randomized uncertainty biases to ensure that the solution set was sufficiently sampled. The process
produces a set of (n, T.)-pairs, which minimise the penalty function within the given constraints.
When the confinement times, ionisation times, charge exchange times and plasma energy contents
are calculated for each pair, we obtain a distribution of results for each quantity, respectively. We
take the median, and the 34.1-percentile below and above the median to represent the results, which
corresponds to a one sigma uncertainty for a normal distribution.

The N+ pulse response of three consecutive charge states (1971, I9, and I97!) are necessary
to estimate the agq, by, and ¢4 for any given charge state. To solve Eq. (18), on the other hand,
requires the parameters aq, g1, by, bgt1, ¢q—1, and ¢,. To obtain them, five neighboring charge
state currents must be measured. By extension, given X measured neighboring currents in the
CSD, one can obtain a set of solutions for X — 4 charge states.

4 Experimental methods

The method consists of injecting short pulses of 1+ ions into a CB-ECRIS plasma and analysing the
extracted n+ responses. High 1+ capture efficiencies, ranging between 50 % and 60 %, are typically
measured for injected beam intensities up to 1 pA in continuous 1+ injection mode (CW mode)
[29], [30]. The optimum 1+ ion capture efficiency is obtained when the velocity of the injected ions
is equal to the average velocity of the support plasma ions [31]. It can be finely tuned by adjusting
the potential difference AV between the source generating the 14+ beam and the charge breeder.
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rate coefficients given by ———— . .
No iterations reached?
the Voronov formula.
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vector of n. values within bounds.
Add a small random displacement

on each element of the vector.

Select element in n, vector.
optimise T, within constraints.
Repeat for each ne.

Output acceptable pairs /
Ne, Tt /

Figure 1 — Flowchart of the code designed to search for the acceptable (n.,T.)-pairs satisfying
Equation (18).
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Table 2 — Measured charge breeding efficiencies for charge states between KT and K2+,

Ton K+ K* K3 K*t K°F KOt K7t K8t KOt K!Ot KM+ K!2F
Efficiency (%) 9.7 27 12 1.0 11 12 15 27 89 106 85 5.1

The number of injected particles is managed by tuning the 1+ source to produce the chosen 1+
beam intensity in order to minimise the perturbation of the buffer plasma.

4.1 Experimental setup

The measurements were conducted by injecting a KT beam into a He support plasma to obtain
high charge breeding efficiencies [32]. K was chosen as the injected species because it is an alkali,
so there is no recycling of the ions lost on the charge breeder plasma chamber wall into the plasma,
and several consecutive charge states, ranging from 14 to 12+, can be measured. It is also the
heaviest alkali for which cross section / rate coeflicient data was available.

Experiments were conducted on an upgraded version of the Laboratory of Subatomic Physics
& Cosmology (LPSC) 14+—N+ test bench [17], see Figure 2, with respect to the configuration for
the short pulse injection studies done previously [7]. After these modifications, which essentially
consisted of improving the vacuum, and surface residue mitigation, the background vacuum pressure
at injection was 2.5 x 10~% mbar.

The charge breeder was assembled with a hexapole providing a 0.8 T radial magnetic field
strength at plasma chamber wall, on the poles. An additional soft iron plug was mounted under
vacuum to increase the axial magnetic field strength at injection [33]. The plasma electrode aperture
diameter was 8 mm. For the experiments, the charge breeder was operated at 20 kV extraction
voltage with a He plasma, the extracted beams being mass-analysed using the N+ dipole, and
measured at the N+ Faraday Cup (FC) (see Fig. 2).

First, the charge breeder was tuned to optimise the K!0% efficiency in continuous 1+ injection
mode. A 0.71 pA (0.44 x 10*2 pps) KT beam was produced with the ion gun 1+ source [30]. The
K™ beam was selected by the 1+ beam line dipole magnet and injected into the charge breeder. The
electrostatic pulsing system, set just before the 1+ dipole magnet, was used to pulse the 14+ beam
into the charge breeder in order to calculate the charge breeding efficiencies taking into account the
N+ background.

The AV parameter was carefully adjusted to optimise the capture of the injected 1+ ions. The
optimum K!0F efficiency was found with the charge breeder axial magnetic field strength values
of Binj = 1.58 T, Bpin = 0.45 T and Bey = 0.83 T, the 14.5 GHz microwave power being set at
500 W. The vacuum level at injection was 8.7 x 10~® mbar and the AV was set at -3.9 V. In this
configuration, the ECR zone length on the charge breeder axis was simulated to be 122 mm.

Table 2 summarizes the measured charge breeding efficiencies of charge states between K™ and
K'?*. For reference, the best efficiency measured for K with He as a support gas was 11.7 % for
K1%F in the previous test bench configuration [33], i.e. the data were taken in conditions relevant
for the charge breeding process.

The influence of the 1+ beam injection on the plasma was checked in continuous mode, com-
paring the CSD extracted from the CB with and without 1+ injection. Without 1+ injection, the

10
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Figure 2 — schematic layout of the 1+ — N+ test bench.
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Table 3 — N+ beam intensities I without 1+ beam injection and N+ beam intensities change A
when injecting KT beam compared to without injection.

Species Het/O*t He?*/Hf Ot 0* 0%+ 0°F 05+ O™
I (pA) 65.2 19.6 2.9 4.1 6.5 229 531 134
A %) -02 36 07 -02 -03 -28 -38 -5

Het and He?T beam intensities were 65.2 pA and 19.6 uA, respectively. The measured variations
of these peaks when injecting the KT beam were -0.2 % for Het and -3.6 % for He?*. It is worth
noting that the He™ peak is superimposed with the O** peak, and He?* peak with Hj peak — O
and Hy being present in the plasma as contaminants. The estimated total flux of He ions extracted
from the CB (with the contaminants contribution subtracted) was 36 x 10'3 pps. Therefore, in this
continuous mode of operation, the KT flux amounts to only about 1 % of the support gas extracted
ions.

In order to analyse the effect on higher charge states, the change on the oxygen, carbon and
nitrogen impurities present in the CSD was also inspected. A slight decrease of the high charge
state beam intensities is noticed for O, C and N ion populations with a maximum difference of
about -5.4 % for O™* (see Table 3). This CSD modification is attributed to the gas mixing effect,
due to the mass difference between the injected ions and the plasma support gas [19], [31]. Taking
into account that in continuous mode (i) the flux of injected KT ions is small compared to the
extracted He ions flux (and by extension even smaller compared to the total number of buffer gas
ions in the plasma volume) and (i7) the effect on the plasma species is small, we consider here that
the 5 ms 14 beam pulse effect on the support plasma is negligible.

After the aforementioned measurements, the 1+ injection was switched to pulse mode. Short
1+ pulses with a width of 5 ms, corresponding to 2.2 x 10 particles per pulse, were injected using
a square signal to drive the pulsing system. The same pulsing system was used in [7], where the
rise and fall front of the command signal were measured to be 2 us and 60 us, respectively. The
5 ms duration was chosen to obtain N- pulse responses with a good signal-to-noise ratio, without
accumulation effect [7]. The repetition rate was carefully tuned to leave N+ pulse responses enough
time to recover between consecutive pulses. The N+ pulse responses were measured with the N+
FC for charge states ranging from K* to K'2*. The FC was connected to ground via a 5.7 MQ
resistor. An oscilloscope was used to measure the voltage at the resistor ends and to average 64
times the pulse responses before sending the measurements to the command and control computer
for saving. It is worth noting that in the CSD, due to the resolution of the N+ spectrometer, K+
and K2 peaks overlapped with the fringes of N4t and O°%, respectively. The change of the O+
and N** beam intensities in CW mode being -2.8 % and +1.7 % compared to the case without
1+ injection, the effect of these contaminants on the KM+ and K!2* transients was considered
negligible in short pulse mode.

4.2 Measurements and fitting coefficient determination

Figure 3 a) and b) show the N+ pulse responses for charge states from K!'* to K2*. The onset
time of the 1+ injection pulse was set as t = 0. For each N+ pulse response, the background was

12
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Figure 3 — Extracted K™ pulse responses for charge states between a) 1+ to 6+ and b) 7+ to 12+

Table 4 — Calculated a,, by and ¢, parameters for K**-K'"*  with an RK4 stepsize of 10 us, and
the corresponding reduced 2 values of the fits.

K4+ K5+ K6+ K7+ K8+ K9+ K10+ K11+

ag (1/s) 931 996 971 855 793 705 175 132
by (1/s) 894 774 846 840 760 326 231 256
cg (1/s) 2 27 112 136 93 108 117 151

X2 1.15 1.01 1.01 135 168 277 1.12 1.26

calculated by making an average of the response before the pulse start. These background values
were subtracted from the respective N+ pulse responses.

The method described in 3.1 was applied to estimate the a4, b, and ¢, parameters from the
measured currents. The dependence of the fitting coefficients on the fitting range was checked by
limiting the fitting window end point. It was found that for K2+ and K3 the coefficients did show
a noticeable dependence on the fitting range, while for higher charge states such a dependence
was not found. This dependence for low charge states is probably caused by in-flight ionisation
effects [34] which are not accounted for by the fitting model. Due to the time dependence, only
the parameters for charge states K** and higher were retained. These values are summarized in
Table 4. More details on the fitting range analysis can be found in the supplementary material
in A.1. The comparison between the measured K" pulse responses for charge states between 4-+
and 11+ and the best fit curves is presented in supplement A.2.

13
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5 Results

Figure 4 displays the sets of (n., T,)-pairs found to satisfy Equation (18) for charge states K°+—

K%F using the method detailed in Section 3.2. Because Equation (18) has two unknowns, no
singular solution can be found, and a set of solutions is obtained instead. The optimisation routine
was run N = 1000 times for each charge state (in order to account for the upto 60 % uncer-
tainty in the ionisation rate coefficients), with an optimum 7T, searched for 1000 n. values in the
given range within each iteration. The plasma confinement, ionisation and charge exchange times

. -1 -1
(19, [ne <0’U>:;Lz>q+1} ) {no (ov)e,, 1| ), were calculated, taking into account the uncertainties

issued to the rate coefficients in each iteration. The corresponding energy contents (n. (E.)), and
plasma triple products (ne (E.) 7%) were similarly calculated. It should be noted that because the
optimisation is performed for each charge state separately, all values obtained are local and corre-
spond to the plasma volume relevant for the production of the charge state in question. The median
values of the characteristic times, energy contents and triple products are plotted in Figures 5, 6
and 7 respectively. In the figures, the errorbars represent the range within which lay 34.1 % of
solutions below and above the median value; i.e. the error bars enclose a total of 68.2 % out of all
results.

The 77 values increase as a function of charge state. This is in accordance with the trend found
in Ref. [26], although the high charge state confinement times found herein are significantly longer
than in their work. For example 7°F = 2.670% ms and 77" = 4.073} ms, while 78" = 7.373%% ms,
and 710t = 16. 4“8 3 ms. The high charge states are believed to be electrostatically rather than
magnetically conﬁned as their collision frequency may exceed their larmor frequency as implied by
results for sodium in Ref. [6], and oxygen in Ref. [34]. The 1omsatlon time is level up to charge

state 8+ (e.g. [ne <ov)§f$6+} =2.670% ms and [ne (0v>‘7n+zﬂs+} =2 6702 ms), but exhibits
-1 . -1
a kink between [ne <O’U>18+H9+} = 3.1705 ms and [ne (av)é,nf%l%} =9.675" ms. This kink

corresponds to a shell closure in the electron configuration of potassium, which is also indicated in
Table 1. A relatively large uncertainty bound is associated with the charge exchange times. For all
except K°F and K%t the median charge exchange times were around 10 ms.

The plasma energy content appears to have no clear charge state dependence, with all values
lying around 10'° 6V /em?, the average being 2.5715 x 10 éV /cm?, indicating that all ions originate
from regions of plasma with similar energy content. The triple product on the other hand increases
with charge state until a possible saturation around K'9*. This charge dependence originates from
the corresponding dependence of the confinement times.

6 Discussion

6.1 Method assumptions

In this paper we have presented a new method for calculating plasma characteristic times, along
with estimates for the minimum local plasma energy contents and the triple product, from the
extracted beam current transients of at least five neighboring charge state ions. The method has
been applied to current transients of K4t — K!2% (see Fig. 3) obtained from short pulse injection
of KT into the helium plasma of a CB-ECRIS.

The advantage of this method is that it relies only upon a small set of assumptions. We assume
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Figure 4 — Probability density plots of the solution sets for K3*-K'°* (subfigures (a)—(f)) plotted as
heatmaps with an applied gaussian filter. The densities are each normalized such that an integral
over the figure area equals to one. The (ne,T.)-pairs of each solution set are overlaid on the
heatmaps as small white dots. 15
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Figure 5 — The plasma charge exchange (a), ionisation (b) and confinement times (c) as a function
of charge state. Note that subfigure (a) is plotted in logscale.

(7) that the balance equation (1) adequately describes the charge state temporal evolution. Built
in to the balance equation is the assumption that the ionisation process is stepwise electron-impact
ionisation, and charge exchange takes place predominantly with the neutral atoms ng. We also
make the assumption that (i4) the perturbation caused by the injected species is sufficiently small
for the parameters n.,T., and ng to be defined by the support plasma. We further assume that
(t31) the extracted currents and particle densities are related by Equation (7), where the beamline
transmission coefficient x is assumed to be the same for any three consecutive charge states. These
assumptions allow the conversion of the balance equation to the extraction current formalism,
yielding equation (8). Finally, the use of Eq. (8) to make fits to the extracted N+ current transients
requires us to assume, that (iv) ne,Te,no and 7¢ are constants — or at least vary only slowly —
in time.

Assumption (i) essentially requires, that all other processes except for confinement losses, the
stepwise ionisation process, and charge exchange contributing to the CSD time evolution are neg-
ligible. This means in effect that wall recycling, secondary ionisation and radiative recombination
can be neglected. Using Ar here as a proxy for K — the two elements being neighbours on the

16
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Figure 7 — The local plasma triple product as a function of charge state.
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elemental table and K'* having the same electronic shell configuration as neutral Ar — according
to experimental data, for example the double ionisation process Ar3* 4+e~ — Ar®t + 3e~ is roughly
an order of magnitude less likely than the single ionisation process Ar®* + e~ — Ar*t + 2e~ [35],
while for higher charge states the difference is even greater. Wall recycling is minimised thanks to
potassium being an alkali. Charge exchange with neutrals can be seen to be much more probable
than with higher charge state ions, as the cross section decreases according to the inverse square
of the ionisation potential — as evident from Eq. (5), and because the low ion temperature does
not allow two ions to come close enough to each other for them to exchange charge. Radiative
recombination is neglected as a relatively inconsequential process as argued by Mironov et al. in
Ref. [8] based on the results from Ref. [9]. As noted in section 4.1 we are also safe regarding as-
sumption (i¢) since the total effect of the KT beam injected into the source in CW mode causes a
minor (at most < 5.4 % for the oxygen impurity) modification on the support plasma CSD. The
total of 2.2 x 1010 particles injected during the 5 ms pulse into the entire plasma volume constitutes
a very minor perturbance compared to the buffer plasma density. As regards to assumption (i)
Eq. (7) is textbook material [1]. Corresponding equations are used for example by Douysset et al.
in Ref. [26] and Melin et al. in Ref. [19]. The parameters S, L and « in Eq. (7) are assumed to be
the same for any three consecutive charge states. The transmission coefficient x varies slowly with
the charge state, typical transmission of the N+ beamline being around 80 % [29]. If, however, S,
L, and k could be determined for each charge state, they could also be included in the calculations.
Defining them for all charge states for the purposes of this method paper was deemed impractical.
In the final assumption (iv) the constancy of n.,T., and ng is justified as the perturbation caused
by the K+ pulse is indeed minimal (c.f. assumption (i4)).3

With regards to the constancy of 77 in time, it is known that the ion temperature affects the
ion confinement time. According to Ref. [36] the thermal equilibration time of a test particle a
streaming into a field of particles 3 is characterised by the collision frequency

1 MaMaqaqing In A
(Tf/ﬁ) _ol8 Z 5. 10-19Y T3 05" s, (24)
(maT,@ + mﬁTa)S/Q

where my, /3 is mass () ¢a/p is the charge state, ng is particle density (1/cm?), T, 5 is temperature
(eV), and the subscripts « and  refer to the test particle and field particle respectively. Table 5
tabulates the values of 7¢ /8 for different charge states of potassium in a field of either electrons
or helium ions; the experimentally obtained confinement times are also tabulated for comparison.
The calculations were done for two electron populations separately with temperatures 10 eV and
1000 eV respectively, both with density n. = 5 x 10'! cm™3. For the calculation in the case of
helium the sum over helium charge states was taken, allowing the substitution®

w1 g2 )
; het” = ne (25)

where the brackets denote an average value. The CSD determined from the extracted beam currents
may be used for a rough estimate of the CSD in plasma [37], and we calculate from the extracted

3The fitting range analysis provided in the supplementary material (see supplement A.1) also shows that the
fitting parameters aq, bq and c¢q show no time dependence for the charge states 44 onward, which is in agreement
with this assumption.

4We note that the often used relation (c.f. Ref. [19]) > n9¢? = n. (g) is incorrect. The derivation of Eq. (25) is
given in supplement A.6.
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helium currents that <q2> /{q) ~ 1.2. The n, again was set to 5 x 1011 ecm™3. A temperature of
10 eV was chosen for He, based on ion temperatures deduced in Ref. [4]. A value of In A = 10 was
used for all sets, and the test particle temperature was chosen to be 1 eV.

Table 5 shows that the thermal equilibration time between potassium ions and warm electrons
is greater than the confinement time, but its thermal equilibration time with the support plasma
is less than a millisecond, which means that given a small enough perturbation the potassium
ions can be expected to reach thermal equilibrium with the support plasma ions in a time scale
much shorter than the duration of the transient. Thus the confinement time may be taken to be
a constant in time. For high charge states, however, 7¢ /B between potassium and cold electrons
is on the order of or less than the confinement time, which could enable the temperature of the
high charge states of potassium to evolve over the duration of the transient (if the cold electron
temperature is higher than the support plasma temperature). On the other hand, in Ref. [7] it
was found that the characteristic charge breeding times were not significantly altered by longer
injection pulses, which would indicate that this effect is not significant. Nevertheless, the method
will be tested in future experiments using long injection pulses, allowing the plasma to reach a new
equilibrium (corresponding to continuous mode 1+ injection) after the onset of the 1+ injection.
In this new quiescent state the ion temperatures have certainly equilibrated. The method will then
be applied to the decaying transient onset to probe the difference between the results in these two
cases.

It is also implicitly assumed that the Voronov formula (3) is accurate within the specified uncer-
tainty range. The formula for the rate coefficient presupposes the Maxwell-Boltzmann distribution
for the electron energies, and thus affects the method postdictions for T,. It is known that the
energy distribution of escaped electrons is non-Maxwellian [21], and a possible future upgrade to
the method could be to redefine the rate coefficient formula using different EEDFs such as the
Druyvesteyn, Margenau or kappa distributions [38].

6.2 Results discussion

The necessary conversion of the balance equation to extraction current formalism complicates the
procedure of deconvolving the plasma parameters from the measurement data, and causes it to
be mathematically impossible to obtain a singular n., T, pair. We have, however, been able to
show that the physically allowed n., T, pairs result in plasma characteristic times, energy contents
and triple products within a tolerably narrow distribution around a certain median value. This
method is a definite improvement over the pre-existing methods thanks to the smaller number of
assumptions made in the process, and also due to it relaxing the requirement of a single, global
(ne, T.) value. To the Authors’ best knowledge, this is also the first time that the uncertainty of
the ionisation rate coefficients is accounted for in a 0D calculation.

The results indicate that 79 is not simply linearly dependent on ¢: A linear fit to the data
predicts negative confinement times for the low charge states, which would be unphysical. A power
fit of the form y = 0.04426 x ¢*>°® fits the data with a reduced x? value of 0.47. The fitting is
described in more detail in supplement A.7. There is mounting evidence, that the high charge state
ions are electrostatically, rather than magnetically confined. The electrostatic confinement model
presumes that a potential dip is formed in the plasma potential profile by the well confined hot
electron population. This would be in accordance with the nested-layer (or onion) model for ion
production in the ECRIS plasma; In the layered view the high charge states are produced in the
plasma core, with lower charge states originating from larger radial distance from the chamber axis.

19



AUTHOR SUBMITTED MANUSCRIPT - PSST-104218.R1

Page 20 of 34

Table 5 — Table of characteristic thermal equilibration times for a test particle « = K4 (T, = 1 eV)
into a field of particles 8 = e~ / He. The calculation was performed for two electron populations
of temperature 10 ¢V and 1000 eV respectively. For helium <q2> / {q) was 1.2 and the temperature
was chosen to be 10 eV. The value In A = 10 was used, and the calculations used the same n. of
5 x 10" cm™3. The experimentally obtained confinement times 79 are also tabulated.

Tea/ﬁ
B =e" g =e" 5 = He

a Tp=10eV T =1000eV Tz = 10eV 4

K+ 75.39 ms 75.39 s 74711 ps

K2+ 18.85 ms 18.85 s 186.78 us
K3+ 8.38 ms 8.38 s 83.01 us
K4+ 4.71 ms 4.71 s 46.69 us
K+ 3.02 ms 3.02's 29.88 us  2.670% ms
K6t  2.09 ms 2.09 s 20.75 us 26757 ms
K™+ 1.54 ms 1.54 s 15.25 ps 4.0731 ms
K&+ 1.18 ms 1.18 s 11.67 us 7.373%% ms
KoF 0.93 ms 0.93 s 9.22 us  10.073%% ms
Kt 0.75 ms 0.75 s 74T pus 16.57%3 ms
K1+ 0.62 ms 0.62 s 6.17 s
K12+ 0.52 ms 0.52 s 5.19 us
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Table 6 — Characteristic collision time TEK /He botween potassium ions (with temperature 1 eV
or 10 eV) and support plasma helium ions (having temperature 1 €V or 10 €V) and the respec-
tive gyration times Ty, about B = 0.5 T field intensity. Support plasma was assumed to have
(¢*)/(qg) =12 and n. =5 x 10" cm ™.

The = 1€V The = 10 €V B=05T
K/He K/He
Te / (us) Te / (us) Tayro (K8)
Txe+ (eV) Kt K3+ KO+ | K+ K5+ KO+ | KI+ K5+ K10+
1 26.9 1.1 0.3 747.1  29.9 6.2 5.2 1.0 0.5
10 67.1 2.7 0.7 851.8 34.1 8.5

The layer-model is supported by numerical simulations [8], [39], and experimental measurements
of ion beam emittance [40], [41]: Such lower beam emittances of HCIs can only be explained by
considering them to be extracted from a surface smaller than the plasma electrode aperture [42].
Spatially resolved beam profile measurements [43], [44] have shown that ions with a higher ¢/m
ratio are indeed extracted closer to the beamline axis. The long 79 values of the high charge
states found in this work are commensurate with this view, as they are believed to be formed and
trapped in the potential dip, which is formed in the plasma core. The HCIs would reside in the
potential dip formed in the plasma core until they have absorbed sufficient energy to overcome the
potential barrier. This is also supported by the recent optical measurements which have found ion
temperatures in the range of 5 eV-28 €V with a charge state dependence [4].

The necessary condition for magnetic confinement is that the gyration time 7gyr, around a field
line be shorter than the mean collision time. The gyration time is defined through the cyclotron

frequency w. such that
1 w. qeB

Teyro T2 2mm (26)
Here B is the field intensity, and m the particle mass. Table 6 shows the characteristic collision time
for certain K ions in a He support plasma, tabulated alongside the gyration time around a field line
with B = 0.5 T — corresponding to the 14 GHz cold electron resonance field. It can be seen, that
K/He . . . .
even at low temperatures 7e can exceed the gyration time for low charge state potassium ions,
allowing them to be magnetically confined. Meanwhile the collisionality of the HCIs can interfere
with the magnetic confinement. In Refs. [34] and [6] similar conclusions have been drawn based on
experimental data.

In Refs [13], [14], [45], the confinement time has been studied by exponential fits to the decaying
current transients in long pulse material injection mode. In Ref. [14] it is argued that the time
constant of the decay represents the cumulative confinement time 7¢ of an individual particle, rather
than the population confinement time 79 as defined in the balance equation, which is obtained as
a result of the method introduced in this work.

Since the determination of both the cumulative confinement time, the charge breeding time
and the 90 % extraction time (rcp, Too%; See e.g. Ref. [7]) is much simpler than carrying out
the complete method proposed herein, it should be worth comparing the behavior of these time
scales in parameter sweeps. If a correspondence can be established between 74, 7cp, Too% and 79,
one could perform diagnostics of 77 for a wider variety of elements. The novel method presented
herein requires it to be possible to measure multiple neighboring charge states’ currents, and to
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be able to calculate the rate coefficients for ionisation. The former condition inhibits many gas
mixing experiments due to overlapping peaks in the CSD, and the latter is only possible for some
of the light elements as cross section data is scarce, and even for those elements the uncertainties
on the cross section data can be considerable — the uncertainty reported in Ref. [20] for example is
40 %60 %. The rate coefficient uncertainty leads to the (n., T.) solution sets becoming “smeared”,
and consequently, if the cross sectional data were more precise the error bars on the results found
using this method could also be reduced.’

In Ref. [16] the balance equation for ion densities (Eq. (1)) is fit to the transients of extracted
beam intensities in order to determine 77, n. and T,. The confinement time of the highest charge
state ion they find to be on the order of 10 ms. They have also found n. to be approximately
5x 10" em~3, and T, around 2 keV-3 keV. The approach in Ref. [16] neglects the current-to-density
proportionality 19  gen?/7?, as proposed by Ref. [25], and further assumes 7¢ = Tinax * ¢/Gmax-

The assumption of the linear g-dependence for 77 is based on the findings in Ref. [26], which
also indicate much shorter confinement times — less than 4 ms for Ar!®*T and below. In Ref. [26]
the confinement time was determined from the saturation currents directly, by using Equation (7),
estimating the necessary parameters, «, S, L, and by determining the population densities n? using
optical spectroscopy methods. These estimations are reported in Ref. [26] to be reliable within a
factor on the order of 2. It should be noted, that using the Voronov formula for the ionisation rate
coefficient, the electron temperature 7, found in Ref. [26] for the warm electron population, and the

. -1
highest n. value of 5.7 x 10'* cm™3 found therein, one finds [ne (0v) oy 164 | =~ (35421) ms. If
15+

this were true, then for the 7,77 < 4 ms confinement time found in Ref. [26], there should be next

to no Ar®* produced®, since a criterion for appreciable ionisation from ¢ to g + 1 is that [1]
inz -1
79> [ne <0'v>q_>q+1} . (27)

Hence, there is reason for some doubt concerning the precision of the measurements in Ref. [26].

The present method also produces estimates for the ionisation and charge exchange times in the
plasma. For the purposes of HCI production these are extremely important time scales. One wants
the ionisation to higher states to occur as quickly as possible, while the charge decreasing charge
exchange process should ideally never occur. The lower charge state ions should be confined long
enough for them to be ionized to higher states, while the desired HCIs should ideally be immediately
ejected to avoid ionisation and charge exchange related losses.

The obtained ionisation times are in agreement with the behavior of the ionisation potential
of potassium (tabulated in Table 1), where a shell closure inhibits the ionisation from 9+ to 10+,
) -1
gﬁ%lOJr
It can be seen that 79 is never smaller than the ionisation time from ¢ to ¢ + 1 — satisfying
requirement (27).

The charge exchange times are systematically longer than the ionisation times, which is to be
expected as the operation of an ECRIS relies on minimising the neutral density. Figure 5 shows
that charge exchange may begin to inhibit the production of K°* for example. It is likely that

: -1
explaining the discrete jump in ionisation times between [ne (ov)gy g 4 and [ne (ov)

5Tt should be noted that the Voronov formula reproduces the literature values for the rate coefficients to within
~ 10 %, but the literature values themselves have an uncertainty of 40 % — 60 %.

SRef. [26] finds two approximately Maxwellian electron populations with temperatures T, ~ 10 keV and T}, ~
50 keV, with T} increasing noticably for higher yW power. In the calculation here, T, was used as it produced the
shorter (more favorable) ionisation time.
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in the case of a helium support plasma charge exchange plays a lesser role than it would e.g. if
an oxygen support were used, due to the higher ionisation energy of neutral helium (13.62 ¢V and
24.59 eV respectively). In supplement A.5 the neutral density was deconvoluted from the charge ex-
change times as a function of the ion temperature, and values on the order of 10'? cm ™2 were found.

Due to the assumption of the M-B EED, which neglects the hot energy tail of the EED, the
procedure has yielded an approximation for the minimum plasma energy content. The average
energy content has been obtained at the region of origin for the population of each charge state
and is plotted in Figure 6. An estimate of the plasma triple product has similarly been obtained
and is plotted in Figure 7. Figure 6 indicates that the energy content is more or less the same
throughout the plasma, which is in line with the observed increase in ionisation time: The energy
content being constant, the increasing ionisation energy required for the production of higher charge
states causes an increase in the ionisation time. The plasma triple product shown in Figure 7 shows
that n. (E.) 77 increases as a function of ¢ (i.e. with the location of origin of charge state ¢ ion
population). It is “wisdom of the trade” that a higher triple product enables production of higher
charge states, as hinted by the famous Golovanivsky diagram (see e.g. Ref. [1]). E.g. in the case
of these experiments, an increase in the confinement time must compensate the spatially constant
energy content — which causes an increase in the ionisation time — to allow HCI production. In
this vein, parameter dependencies of the triple product could serve as a useful diagnostic when
optimising the source for HCI production.
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Figure 8 — The variation of the fitting parameters a4, b, and ¢, as a function of the fitting range.

A Supplementary material

A.1 Fitting range analysis

To study the variation in time of the fitting parameters aq, b, and ¢, the fitting range interval
was increased incrementally from ¢y = 0 s to t¢, where t; is the longest duration of an extracted
transient. The fits were thus made in the intervals [to,0.2t¢], [to,0.4t¢], [to,0.6t¢], [to,0.8t¢] and
[to,ts]. Figure 8 shows the obtained fitting parameters as a function of the fitting range end
percentile. It can be seen that as the fitting range is increased only the fitting parameters for
charge states 24 and 3+ change. This change is attributed to the in-flight ionised ions which are
unaccounted for in the balance equation. Due to the time dependence found for the charge states
24 and 3+, only the fitting parameters from 4+ onward were used in the analysis.

A.2 RKH4 fitting curves

The fits resulting from the fitting procedure described in section 3 are plotted with the experimen-
tally measured K™ transients in Figure 9. The fits were all made using a 10 s step size in the 4"
order RK method. A close fit is obtained for all charge states.
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Figure 9 — Extracted K™t pulse responses for charge states between 4+ to 11+ plotted with the
RK4 fitting curves.
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A.3 Numerical code

The python codes for obtaining the fitting parameters a4, b, and ¢, and for determining the n.,
T, solution set are provided. In addition, the experimental data used in this work is provided as
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K.

a sample data set. The code is publicly available on github at the URL: https://github.com/
misapema- jyfl/popTauPy, and instructions for its use will be available there in the near future. The
experimental data measured for this manuscript is available at doi:10.6084/m9.figshare.13602827.v1.

A.4 Penalty function limit analysis

In order to determine the precision required by the computation presented in section 3, the effect
of constraining the maximum value of the penalty function F' on the results obtained from the
computation performed using 1000 Monte Carlo biases for the Voronov formula was studied. The
smaller the maximum value of F', the more precisely the left-hand-side and right-hand-side of
Eq. (18) match one another, and hence the more precise the solution. Figures 10, and 11 show the
effect of constraining the maximum value of F' on the number of valid solutions and the resultant
values for the plasma parameters, respectively. The results of the analysis are plotted for K™t as
representative of all other charge states producing similar results. Based on the analysis, we choose
F < 107% as it is the highest precision for the solution of Eq. (18), while the number of valid
solutions is still some thousands for all charge states, ensuring a thorough sampling of the solution
set.

A.5 Neutral density deconvolution

CcX

-1
g qfl} were obtained via the method presented in this pa-

The charge exchange times [no (ov)

per. Using the equations (5) and (6) presented in section 2, one can calculate the rate coefficient
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Figure 11 — The postdictions of the plasma characteristic times for charge exchange (a), ionisation
(b) and ion confinement (c) as a function of the upper limit of the penalty function F' for K7*.

(av);); 4—1 as a function of the unknown ion temperature T} according to

ex L\*, |8Tf
<0v>q%q71 = nriq (I) Dot p— (28)

It should be noted that Eq. (28) assumes the neutral temperature to be low compared to the ion
temperature. The effective charge state of neutral helium can be calculated by using the formulae
provided in Ref. [24]

Zeg =2 — 3, (29)

where Z is the proton number, and the screening coefficient 3 for the 1s electronic state is given

by

S (1s) = 0.3 x (1s — 1) 4+ 0.0072 x (25 + 2p)

(30)
+0.0158 x (35 + 3p + 4s + 3d + 4p),
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where the number of electrons in a given quantum state characterized by quantum numbers n and [
is denoted by the terms nl = (1s,2s,2p, ...). For ground state helium only the state 1s is occupied,
and thus its effective charge is

Zeg=2-03x%x(2—1)=1.7. (31)

Reference [4] has found the ion temperatures to lie in the range T € [5,28] eV. We calculate
accordingly the charge exchange rate coefficient in the range [1, 30] eV. The neutral density can then
be obtained from the characteristic frequency for charge exchange by dividing by the corresponding
rate coefficient. The results as a function of ion temperature are shown in Fig. 12.

A.6 Collision time calculations

The total collision frequency between the test particle o and particle species 8 present in the plasma
can be obtained by taking a sum of Eq. (24). The ion-ion collision frequency between a K97 ion
and the helium buffer is thus obtained from

Moz In A
S e/t —g.qprlo Ve Sk (s) (32)
B

et Ho?+ (mo T +myTa)?/?

where T is assumed the same for both He charge states to allow moving it out of the summation.
Because the helium CSD in plasma is not precisely known an alternative form is derived as follows:
The plasma effective (average) charge state is defined according to

2qnq
Zq nq .

where n? is charge state ¢ ion number density, and (g) is the effective charge state. In a multispecies
plasma the summation is also carried over all ion species i. Due to quasi-neutrality of the plasma

Ne = anq. (34)

(9) =

(33)
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The mean square charge state is defined as,

>, e

<q2> = W (35)

From Eq. (33) we solve

Zq:nq = (36)

where the substitution according to Eq. (34) was made. Substituting Eq. (36) to Eq. (35) one

obtains
PR

2\ _
<q > - Ne <q> ) (37)
which after rearranging gives
(4*)
Z anQ = N . (38)
. (@)

The averages in Eq. (38) can be approximated from the extracted beam currents as per

X1 9e

2
)~ = (39)
=S 0o a)
e >, 07/0)
q)q
(q) ~ (40)
>./q)
since the extracted beam CSD provides a rough image of the CSD in plasma [37].
A.7 Fit to confinement time
A power fit of the form
y=Axq"® (41)

was fitted to the confinement times obtained as a result of the method presented in this work. The
fitting procedure (nonlinear least squares with the Levenberg-Marquardt method) could not accept
asymmetric uncertainties, so instead of the median values of 7¢ presented in Fig. 5 (c), the average
value of 79 was used, and the uncertainties around it were assumed symmetric. The obtained best
fit parameters were

(42)

A =0.04426 £2- 1077, and
B=25+04

with a reduced x2 value of 0.47. The resultant fit is plotted in Figure 13.
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Abstract. The Consecutive Transients (CT) method is used for estimating the characteristic
times of ionization, charge exchange and confinement within the plasma of a Charge Breeder
Electron Cyclotron Resonance Ion Source (CB-ECRIS). The method reveals differences in
the characteristic times between different source configurations, with K°" charge breeding
efficiencies of 8.9 % and 20.4 %, and allows qualitative explanation of the improved breeding
efficiency. The increase in K°F efficiency is accompanied by a decrease in ionization time for low
charge states, a decrease of charge exchange time for high charge states, and an overall decrease
of the ion confinement time, which increases non-linearly with the charge state. The charge
exchange time exhibits a minimum near charge state K%, indicating low neutral density near
the plasma core. The CT-method yields a distribution of possible n. and (F.) corresponding
to the spatial distribution of different charge state ions. The results hint at a non-uniform
plasma electron density and energy distribution as well as a nested-layer distribution for the ion
populations — hot and dense plasma with high charge state ions near the plasma core.

1. Introduction

The Consecutive Transients (CT) method has been used to obtain postdictions for the ionization,
charge exchange and confinement times (7 , 7% and 77) of charge state ¢ ion populations in
a CB-ECRIS plasma [1]. The method is based on measuring the extracted current transients
prompted by short pulse injection of metal ions into the plasma, making fits to the transients of
(minimum) five consecutive charge states, and an optimisation procedure to obtain the plasma
electron density n. and average energy (FE,) of the presumed Electron Energy Distribution (EED)
as well as the times ;1 | 7% and 79. The method is based on the balance equation [2, 3] describing
the temporal evolution of the densities of each ion population. The method probes the plasma
conditions (ne, (F.)) of the support plasma, which determine 7! | 7% and 77 of the injected ions.
The results are spatially localised to the origin of the charge state ¢ ion population. Measuring
five consecutive charge state transients poses experimental limitations on the support/injected
species combinations, since one must avoid ¢/m overlap in the Charge State Distribution (CSD).
The method takes into account the uncertainty of the ionization cross section data and resulting

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
Published under licence by IOP Publishing Ltd 1
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Table 1: The former (June 2020) and new (February 2021) charge breeder operating parameters.

Configuration
Parameter Former New
Binj (T) 1.58 1.57
Bpin (T) 0.45 0.44
Bexs (T) 0.83 0.84
uW power (W) 504 530
Support gas species He Hs
Pij (x1078 mbar) 9.0 13.6
K™ intensity (nA) 710 500
Injection pulse width (ms) 5 5

rate coefficients by the means of a Monte Carlo approach. No assumptions need to be made
regarding the confinement scheme i.e. the functional dependence of 79.

Here we demonstrate that the CT-method can reveal the physical causes resulting in a change
of the charge breeding efficiency. The comparison is made between the characteristic times
obtained for potassium ions in the support plasma of a CB-ECRIS. The source configurations
correspond to 39K efficiencies of 8.9 % and 20.4 %, respectively. Identifying the mechanisms
underpinning the factor of > 2 improvement in the charge breeding efficiency of a stable isotope
can guide the optimisation of Radioactive Ion Beam (RIB) production.

2. Experimental methods

The 1+—N+ test bench [4] at LPSC Grenoble is dedicated to the development and
characterization of the Phoenix CB-ECRIS. The 1+ beam line is used for generating,
characterizing and injecting the 1+ ion beam into the CB-ECRIS and the N+ beam line
for analysing the extracted multicharged beams. The CB-ECRIS and the test bench are
continuously upgraded to increase the global and charge state specific breeding efficiencies,
> and n?, and to reduce the charge breeding time and impurities in the N+ CSD. Short pulse
injection of 14 ions is used for the measurement of the charge breeding times 7cp; the time when
90 % of all ions of charge state ¢ have been extracted is designated as 7cg[5]. In 2018-2019, the
1+—N+ test bench was upgraded to improve the vacuum and the alignment of the device [4].
The optimum efficiency of K!°* charge state measured in June 2020 was 10.6 % with Té%+ of
132 ms. The first data using the CT-method to obtain the plasma parameters were taken in
this configuration [1] with He support plasma.

The CB tuning and conditioning were then optimised to improve the CB efficiency to 20.4 %
for K with Hy support gas (7(93']_5 of 131 ms). The CT-method was applied in this configuration
in February 2021 to estimate which parameters could have caused the efficiency improvement.
Table 1 compares the two CB configurations. The main differences are the support gas species,
the Bpin value (+11.8%) and the microwave power (+5.2%). The charge breeding efficiencies n?
of the K charge states are shown in Table 2. A significant increase of K% efficiency was obtained
(+11.5% absolute efficiency), accompanied by a small efficiency shift towards lower charge states.
The extracted current transients of K37-K!2% were measured to obtain the characteristic times
for K>*-K'%F ion populations. The injected KT pulse was kept short (5 ms pulse width) and
low in intensity (500 — 710 nA) to minimize the perturbance on the support plasma, while still
resulting in high signal-to-noise ratio of the transient current.
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Table 2: The charge breeding efficiencies n?, charge breeding times TgB and the median values of
the population confinement times 7¢. The global efficiency includes charge states K4+ — K2+,

n? (%) TgB (ms) 79 (ms)
Ton Former New Former New Former New
K3+ 1.2 1.3 9 10
K4+ 1.0 1.4 11 12
K5+ 1.1 1.9 13 15

K6+ 1.2 3.0 16 49
K™ 1.5 5.8 20 90
K8+ 2.7 11.1 45 119
K9+ 8.9 20.4 98 131
K10+ 10.6  11.8 132 138
K+ 8.5 4.7 149

K2t 5.1 1.3 155

S (%) 418 62.7
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3. Numerical methods

3.1. Principle of the method

The method for analyzing the measured beam current transients of the g+ ions has been
extensively described in Ref. [1] and is only briefly recapitulated here: The balance equations [2,
3] governing the evolution in time of the ion population densities are defined by

dnf inz

T +1e <O”U>q_1_>q n4 1z

. G R

(1)

nq
+ng (crv);il_w ndtt —n, <av);:q_1 nd — o

where the ionization and charge exchange rate coefficients ( <cw>inz/ ) together with the plasma
electron and neutral densities (ne, ng) determine the characteristic times

. -1
Ting = [”e <UU>:1n—Z>q+1} (2)
-1
8= [no (o) 0] (3)
and the loss term —n9/77 defines the ion confinement time 79. Here n? refer to the injected

species, while n. and ng are properties of the support plasma, which are assumed to be constant
in time. Using the following identity [6, 7, 1] for the charge state ¢ beam current

nqe
19 = kFpLs 25, (4)

T4
where k is the beamline transmission efficiency, Fz a factor dependent on the mirror ratio of
the ion source, L the length of the plasma chamber and S the area of the extraction aperture,
one can recast the balance equation in the form

d
1= agI9™t — byl 4 c 17, (5)
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where 1971, and I97! are the beam currents of charge states ¢ — 1 and ¢ + 1, respectively, and
the coefficients aq, b, and ¢, are defined as

_ inz q Tq_l
aqg = ne(0v), ", -1 77 (6)
by = (ne (av>f;iq+1 +no (ov)t,, 1+ 1/7'q> and (7)
cqg = o (V)11 g+l i (8)

The coefficients a4, by and ¢, can be determined by fitting Eq. 5 to the experimentally measured
current I9. The fitting is done by taking I971(¢) and I971(¢) as input parameters of Eq. 5, and
solving the differential equation for the middle charge state current (numerical solution for the
charge state ¢ current denoted by J9(¢)). A least-squares method is then used to minimize the
difference between J¢ and I to obtain a4, b, and ¢,. Definitions 6, 7 and 8 then yield

_ inz _ _ ®q+1¢
‘ Ger1 bq+1 Ne (Uv>q+1—>q+2 ne<0v>giq+1 ( )
< - i 9
1 inz - inz _ _ GqCq—1 7’
q+1ln, (‘7”>q—>q+1 bg — e <UU>q_>q+1 ne(0v) g1

which is an equation of two unknowns, n. and (Ee), since the rate coefficients (ov),”, » may
be calculated as a function of the average energy (E.) of the EED. In lieu of experimental
determination of the EED, we have thus far assumed the Maxwell-Boltzmann (MB) distribution.
Equation 9 provides an infinitude of solutions for n. and (E.), which may be constrained on

physical grounds such that

(74 > 0,

T4+l >0,

1/ng (ov)e, 1 > 0, (10)
Ne,low < Me < Ne,cos

<E€>low < <E€> < <E€>high7

CcX
q—q—1

¢q (cf. Ref. [1] Egs. (16) and (19)). The upper bound of n. is the cut-off frequency [8] ne co,
while its lower bound 7 jow is taken from the literature [9]. The lower limit of (E,) is set to be
on the order of the plasma potential, i.e., ~ 10 eV, while its upper limit can be constrained at
10 keV, since the fraction of electrons found with energies above a few keV is 20-50 % [7, 10].
We thus focus on the warm electron population, which is mainly responsible for the ionization.

-1
where 79, 71t and [no (ov) = 73 can be calculated from the definitions of aq, by and

3.2. Code enhancements

While the numerical method has remained unchanged in principle since the introduction of the
method [1], the code has been updated improving the precision and speed of the algorithm: (%)
The rate coefficients are now calculated as a function of the average energy (E.) of the EED
(not T¢), which facilitates the comparison between different EEDs in the future. (i) In Ref. [1]
we adopted an “umbrella” uncertainty bound of 60 % for the rate coefficient as reported by
Voronov [11]. The code now uses the experimental uncertainties of the cross section data [12].
(i4i) The handling of the constraints has been improved: The penalty function is first minimized
within the n. and (E,) bounds. After the minimum has been found, the characteristic times are
calculated and minima leading to negative (unphysical) characteristic times are discarded. All
the following results have been computed using the improved version (v1.2) of the code.



19th International Conference on lon Sources — ICIS2021 IOP Publishing
Journal of Physics: Conference Series 2244 (2022) 012009  doi:10.1088/1742-6596/2244/1/012009

1012 10'2

ne (cm™3
ne (cm™3

10? 10°
(Ee) (eV)

0.0 0.5 1.0 15 2.0 2.5 0.0 0.5 1.0 15 0.00 025 050 0.75 1.00 1.25
le-15 le-15 le—-15

1012 1012

ne (cm™3
ne (cm™3

102 10°
(Ee) (eV)

E,
0 2 4 6 8

0.0 0.5 1.0 1.5 0.0 0.2 0.4 0.6 0.8 1.0
le-15 le-15 le-16

Figure 1: The (n., (E.)) -solution sets of K8+-K10+ for the two charge breeder configurations
Former (upper row) and New (lower row).

4. Results and analysis
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Figure 2: Comparisons of 7, 71 and 77 and the absolute difference A(n) of CB efficiencies.

Figure 1 shows heatmaps of the (n., (E.)) i.e. viable solutions of Eq. 9 in both CB
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Table 3: The most probable values of n. and (E.) in the two CB configurations.

ne (x10M cm™3) (E.) (eV)

Ion Former New Former New

K5+ 1.0 1.0 96 129
K6+ 1.3 1.4 124 115
K™ 1.2 1.0 156 168
K8+ 1.4 2.1 150 214
Kt 1.0 2.6 288 357
K10+ 1.4 2.5 353 518

configurations for K®*-K!%*. These examples represent the set of (n., (E.))-pairs satisfying
Eq. 9 in the vicinity of their respective ion population n?. It must be recalled, that the 9 beams
are extracted from the whole plasma, and the n, and (E.) values represent averages for a given
ion population. The variation of the n. and (E.) as a function of ¢ thus reflects the average
spatial variation of each n?. Hence, the characteristic times calculated at these (ne, (E.)) also
yield a distribution of results. Further constraining (if possible) of the n. and (FE.) spans, and
the uncertainty of the ionization cross sections, would decrease the uncertainty of the results.
Histograms of the solution sets are projected onto the n. and (FE.) axes (note the logarithmic
scale).

Comparison of the histograms and the most probable values of n. and (E.) — tabulated in
Table 3 — reveals that in the new configurations the local n. and (E) are higher in particular
for the HCIs. This is commensurate with the decrease of their Tﬁlz. Increase of n, is also to
be expected from the increased neutral gas input compared to the former configuration, as the
increased ng allows for a higher n., particularly in the core of the plasma where the highly
charged ions (HCIs) are believed to be confined in the potential dip [3], which itself is generated
by the higher concentration of hot, well-confined electrons.

Figure 2 shows Tg,lz, 1& and 77 as a function of ¢ for the two data sets. The characteristic times
are overlaid with the absolute charge breeding efficiency change between the CB configurations.
The uncertainty bounds enclose a one sigma (34.1 %) fraction of all results around the median
value, represented by the data point. The distribution of values is typically sharply peaked
around the lower values, with the most probable value lying below the median. The size of
the uncertainty bounds is affected by both, the uncertainty of the experimentally measured
ionization cross sections (e.g. at worst for K®" the uncertainty is doi'%, 1 /oi . = 200 %)
and the limits imposable upon the solution space (n., (E.)). Especially the KT efficiency is
improved between the two configurations. Each of the characteristic times, in particular 7& and
79 have decreased for the HCIs, although in most cases the uncertainty bounds overlap.

Molecular hydrogen has a larger diameter and smaller ionization potential than helium, which
may explain the decrease in 7%, the charge exchange cross section being inversely proportional
to the square of the ionization potential [13], i.e. Ogg—1 X I72. Hence, switching to a Hy

support plasma increases 0¥, ;. There is a minimum in 7¢ around K™ and K&t for both
of the data sets. This minimum is attributable to the increase of o¢*, ; with ¢ and the
nested-layer structure of the ECRIS plasma. The latter is consistent with simulations and
experiments [14, 15, 16, 17, 18] suggesting that the HCIs originate in the plasma core near the
plasma chamber axis, while lower charge states originate from the peripheral plasma forming
an overlapping layered structure. The increase of 7 towards the HCIs implies a decrease of
neutral density toward the plasma core, since the og*, _; increasing with ¢ would otherwise
imply a further decrease in 7&. The decreased 7& of the HCIs is in line with the increased
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charge breeding efficiency of the lower charge states in the new configuration.

There is a small decrease of 7 of the low charge states, while a prominent decrease,
attributed to the increase of n. implied by the solution sets (Fig. 1.), is seen for the HCIs
in the new configuration. The effect of the faster ionization is to feed the high charge state
populations. The electron shell closure at K°* causes a discrete jump between 7'8+ and 7_9+

The median of the confinement time 77 solutions has decreased in particular for K9Jr and K10+
Especially the former data set shows a non-linear g-dependence for 7¢. A linear model for 7¢
would yield negative confinement times for low charge states, while a power law fit is found to best
represent the results [1]. In Ref. [7] a linearly increasing trend and much shorter values (~ 5 ms)
of 77 were found. Short 7¢ has been used as an argument in favor of a predominantly collisional or
ambipolar ion confinement[19]. However, recent optical measurements of the Doppler broadening
of ion emission lines [20] have found ~ 10 eV ion temperatures, unattainable with such short
79. There is mounting evidence from emittance [15] and current density measurements [17, 18],
simulations [14, 3], and afterglow experiments [21, 22], that the HCIs are confined within a
potential dip A¢ of the plasma potential distribution. The HCIs remain confined until they
obtain enough energy to overcome the electrostatic barrier, i.e. in excess of eqA¢. The
electrostatic confinement scheme is in accordance with the power law trend observed here.

It is important to note that it is the combination of 7!_, 7&, and 7¢ (Vg € {0,1,2, ..., gmax})
that determines the steady-state CSD of the plasma. The change in the K%* efﬁmency can thus
be explained through the characteristic times: (i) The decrease in 7% for the HCIs indicates
faster rate of charge exchange and a consequent shift of the CSD towards lower charge states.
In effect, the K" population is fed from the HCIs via charge exchange; (ii) The decrease in 79
allows the K?* jons — once produced — to escape more rapidly, which increases the extracted
beam intensity; (iii) The shorter ionization time of the low charge states supplies to the K°*
population (but is counteracted by the simultaneous decrease of 7%). In short, the increase of
the K%t CB efficiency is explicable by the pile-up into ¢ = 9 and its shorter confinement time.

5. Conclusion

It has been shown, that the CT-method can be used to discern differences between the
characteristic times in different CB configurations. It therefore enables the analysis of
fundamental processes in the ion source plasma. Here, the source tune has been changed by
varying multiple operating parameters, and the characteristic times are affected by multiple
physical effects. In future experiments, the evolution of the characteristic times will be studied
by varying one parameter at a time.

It must be noted that an infinitude of (n., (E.)) pairs satisfies Eq. 9. It would be a great
benefit to the method, if it were possible to set stricter constraints on n. and (E.), and if the
ionization cross section were known more precisely. The presumed EED also being a source of
possible error, its experimental measurement in plasma is desired. In short term we plan to
study the sensitivity of the results on the assumed EED.

The CT-method provides a breakdown of TgB to its components: The characteristic times
7! . & determine the rate at which ions of different charge states are generated, while 77 gives
the rate at which ions of a given population exit the plasma. It is important to note that TgB
is affected by the characteristic times of all charge states populations as a given particle may
spend time as an ion at various different charge states before being extracted from the source.
The TgB is thus a measure of the cumulative confinement time [23] of an ion, including its charge
state history, while 7¢ measures the confinement time of ion population at charge state ¢, and
is directly affected by changes in the ion confinement conditions.

Based on the discussion of the causes underlying the change in K% efficiency, it can be
said that in order to maximize the charge breeding efficiency of a given charge state one must
maximize the pile-up into that charge state population the charge states both above and below,
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i.e. one must minimize the ionization time from below, and minimize the charge exchange time
from above. The best efficiencies can be obtained for charge states whose valence electron lies
on a closed shell (such as K%t), because the ionization from such a state is minimized and the
population will not be depleted as much via ionization to higher states. At the same time one
should minimize the confinement time of the desired charge state to efficiently extract the ions.
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We establish multicomponent 1+ injection into a charge breeder electron cyclotron resonance ion source and
an associated computational procedure as a noninvasive probe of the electron density n,, average electron energy
(E,), and the characteristic times of ionization, charge exchange, and ion confinement of stochastically heated,
highly charged plasma. Multicomponent injection allows refining the n,, (E,) ranges, reducing experimental
uncertainty. Na/K injection is presented as a demonstration. The (E,) and n, of a hydrogen discharge are found
to be 600750 eV and 878 x 10" cm~3, respectively. The ionization, charge exchange, and confinement times of
high charge state alkali ions are on the order of 1 ms—10 ms.

DOI: 10.1103/PhysRevE.106.055208

I. INTRODUCTION

In past decades, the nuclear and astrophysics communities
have migrated toward the use of radioactive ion beams (RIBs)
for the study of nuclear structures far from stability [1]. The
RIB production methods (e.g., the ISOL method [2]) generate
low-intensity beams of singly charged, radioactive ions, which
need to be postaccelerated to attain an energy required for
nuclear physics experiments. The 14 ions are usually further
ionized before postacceleration in a process referred to as
charge breeding [3.,4].

In a charge breeder electron cyclotron resonance ion source
(CB-ECRIS) [5] the radioactive 14 species are injected at low
energy and captured by the plasma, where the magnetically
confined electrons are stochastically heated by microwave ra-
diation. The electrons attain energies in the 10 eV to 100 keV
range through resonant interaction with the microwave and are
able to ionize the injected particles in a stepwise manner. The
ionization is counteracted by charge exchange with the neutral
atoms of the plasma, whereby the highly charged ion captures
a valence electron from the neutral atom.

The electron impact ionization process is dominated by
electrons at 10?—10° eV energies. The high-energy electrons
at 10*~10° eV range are well confined and form a 3D dip in
the positive ambipolar plasma potential profile [6,7], confin-
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fjulien.angot@1lpsc.in2p3.fr
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ing the highly charged ions. Consequently, the different ion
populations form a nested layer structure, with higher charge
states originating near the axis of the plasma chamber, and
lower charge states from the peripheral plasma (see, e.g.,
simulations in Refs. [8,9]). The plasma loss processes (e.g.,
random-walk [10], ambipolar diffusion [11], rf scattering [12],
and instabilities [13]) determine the rate at which ions escape
confinement and become available for beam formation. The
ion confinement time needs to be long compared to the ion-
ization time for the ions to reach a high charge state. If the
charge-bred species is radioactive, the confinement time must
also be short compared to its half-life.

The charge-breeding process needs to be fast and efficient
to enable the—usually quite low intensity—injected radioac-
tive 14+ ion beam to be charge bred to high charge states
before radioactive decay causes significant losses. The ion
production efficiency and breeding time must be understood
to discern which radioactive isotopes are accessible for charge
breeding and postacceleration, and to guide further develop-
ment of the CB-ECRIS to access RIBs of short-lived isotopes.
The total breeding time is relatively well understood phe-
nomenologically [14] but the underlying physical causes have
not yet been revealed by experiment. The diagnostic methods
used to probe these properties must be noninvasive to avoid
perturbing the tenuous plasma state. In effect, this constrains
the methods to those usable in the same conditions as when
delivering the RIB to the user.

We have recently developed a method which satisfies these
conditions. The so-called consecutive transients (CT) method

©2022 American Physical Society
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[15,16] for estimating the ECR-heated plasma properties, i.e.,
the electron density, average energy of the EED, characteristic
times of ionization, charge exchange, and ion confinement.
It is based on causing a small perturbation and monitoring
the response of the complex system to it, requiring fewer a
priori assumptions than any previous method and, uniquely,
accounts for the experimental uncertainty of the electron-
impact ionization cross sections employed in the calculations
involved in this and similar methods [17-21]. Stable alkali
metal ions are used as a proxy for the true RIBs. Here we
expound an experimental and computational methodology re-
lying on multicomponent probing of the plasma. This allows
physically constraining the results, circumventing the uncer-
tainty of the ionization cross sections inherited by the CT
method.

II. METHOD

The working principle of the CT method is as follows: A
continuous beam of singly charged metallic ions is injected
into the plasma of a CB-ECRIS from the 14 ion source [22].
Metallic ions are chosen to prevent recirculation from the
plasma chamber walls [23]. The operating parameters (neutral
gas input rate, microwave heating power, magnetic mirror ra-
tios, etc.) of the ECRIS are then optimized for the production
of a desired charge state of the injected species in a process
colloquially referred to as tuning.

Once the tune is established, the injected 14 beam is
pulsed by means of an electrostatic chopper to produce square
1+ ion pulses. It is important to minimize the perturbation
on the plasma by selecting an appropriate pulse width (on
the order of 10 ms) and injected 1+ current (~100-500 nA),
limiting the rate of particles injected into the device to roughly
two orders of magnitude less than the total rate of particles
extracted from the plasma. It was shown in Ref. [15] that
the modification of the high charge states’ beam currents in
the support plasma charge state distribution (CSD) was at
most ~5 % when injecting the 14 species continuously at an
intensity of 710 nA. The perturbation is even smaller in the
pulsed injection mode with lower 1+ currents.

The temporal evolution of the volumetric density of charge
state g in the plasma is described by the balance equation [7]

dn? inz q—1 cx q
I =+n.(ov), 2 n" —nolov),,_n
. 4
+ nolov)gy L 0 = nefov))” (D)
nd
-

where (ov)"%/°* are the rate coefficients of ionization from
the ground state and charge exchange (functions of the av-
erage energy of the electron or ion energy distribution, see
Ref. [15]), ng, n?, and n, the neutral, ion, and electron densi-
ties, respectively. The final term —n?/t¢ represents the rate of
ion losses and defines the confinement time 79.

Since the injected beam is pulsed, the time series of the
extracted beam is a transient whose shape is determined by
Eq. (1). We measure the beam current time series (/9) and fit

them with an equation derived from Eq. (1),

ar _ q—1 b1 q+1 2
Z—aql — qI +Cq1 . ()

where the fit coefficients a,, b,, and ¢, are functions of n,
and (E,). At least five consecutive charge states’ currents are
required for the analysis.

Using an optimization procedure [15], it is possible to
determine a range of n, and (E,) values consistent with the
coefficients a,, by, and ¢4, and to calculate the characteristic
times of ionization (from g to ¢ + 1) Ti(fu = [ne(av)‘q“iqﬂ]‘1 s
charge exchange (from g to g — 1) & = [no(av);’;qfl]‘l,
and ion confinement 79.

Similarly to the n, and (E,) values, a range of solutions is
obtained for the characteristic times, and in lieu of additional
constraints (e.g., the cutoff density [24] for n,) the range may
be very broad. There is evidence from both simulations and
experiments that highly charged ions originate from the same
plasma volume near the central axis of the plasma chamber
[8,9,25-28] and, consequently, these ion populations probe
the same plasma conditions, i.e., they have a common n, (E,)
value. We may thus take the intersection of two or more
solution sets of highly charged ion populations which con-
strains the results on the aforementioned physical basis. The
intersection is obtained by multiplying the two-dimensional
histograms generated from the distributions of the n,., (E,)
points within the solution sets of the two populations.

The (E,) dependence of the a,, by, ¢, coefficients arises
via the rate coefficients, which are calculated under the
assumption of a Maxwell-Boltzmann electron energy distri-
bution (EED) for the warm electrons, since the actual EED
is unknown. Experiments measuring the lost electron energy
indicate a non-Maxwellian tail for the EED [29], but results
with the kappa-distribution [30] have shown that the charac-
teristic times obtained via the CT method are unaffected by
even a large distortion of the shape of the EED.

There are three possibilities for applying the overlap-
method: (i) overlap of different charge states of the same ion
species (e.g., Ko, K!9*, ), (ii) overlap of the same charge
states of different isotopes (e.g., 39K9Jr and 41K9+), and (iii)
overlap of high charge states of different ion species (e.g.,
K and Na). Each case is justified for HCIs for the reasons
mentioned in the previous paragraph. Additionally, case (ii)
is justified whenever the two isotopes’ masses are similar
enough not to cause a significant difference in their spatial
distribution. We will focus on category (iii) as a sample case,
since the different ionization cross sections of the two species
help mitigate the effects of the large experimental uncertainty
of the ionization cross sections currently available; data from
Refs. [31,32] are used in this paper. Results for cases (i)
and (ii) are presented in the Appendices alongside additional
discussion.

A. Overlap analysis of Na and K

The data [33] were collected on the LPSC 14.5 GHz
CB-ECRIS test bench [5,15] (see also Appendix A). The
experimental setup was amended by loading the 14 ion source

055208-2



DIAGNOSTICS OF HIGHLY CHARGED PLASMAS WITH ...

PHYSICAL REVIEW E 106, 055208 (2022)

with a Na/K composite pellet, which enables producing a
beam of Na* and K+ and quickly switching between them
by retuning the injection beam line, without having to adjust
the CB-ECRIS parameters. Due to the internal uncertainties
involved in tuning the CB-ECRIS, no-stop component switch-
ing is paramount to ensure that the same plasma conditions are
probed by both injected species. The CB-ECRIS was tuned
for Na®* production, and pulsed beams of 100 nA and 200
nA of Na" and ¥k 7, respectively, were injected in 10 ms
pulses into the hydrogen discharge sustained in the source.
The injection beamline optics were tuned for each injected 1+
species, and the extracted highly charged ion beam currents
were measured at the N+ Faraday Cup, downstream of the
CB-ECRIS (see Appendix A). The experimental parameters
are tabulated in Table III in Appendix B.

The time series of the charge bred K and Na beam cur-
rent transients (the N+ currents) were analyzed using the
CT-analysis codes (the CT analyzer) [34] and the n,, (E.)
postdictions consistent with the measured time series—and
the corresponding characteristic times—were obtained. Each
(n., (E.)) pair of the solution set satisfies the fitting parameters
ag, by, ¢4 and is thus a possible value of the plasma density
and average energy within the plasma volume whence the
K and Na ions originate. On the order of 10* postdictions
were obtained in each set. The n,, (E,) range where solutions
were sought was limited on physical grounds. The density was
constrained to the range 10" cm™ < n, < 2.6 x 10'> cm™3,
where the upper limit is the cutoff density for 14.5 GHz
microwaves and the lower limit is a conservative estimate
based on results from Ref. [13]. 3D Monte Carlo simulations
[35] suggest that the plasma within the ECR zone may be
overdense (i.e., n, greater than the cutoff density). However,
there is no direct experimental evidence of this. The average
energy of the EED was set to the range 10eV < (E,) <
10 keV, where the lower limit is the order of magnitude of the
plasma potential [36] and the upper limit was chosen based on
Ref. [11].

Based on simulation results for the spatial distribution of
ions [9], it can be argued that ions having a charge state
above the peak in the CSD can be said to originate from the
same plasma volume. Figure 1 shows the CSD (continuous
1+ injection) of K and Na, which indicates that the peak
occurs for Na®* and K. It was found that in the data set
presented here, a mutual overlap of (n,., (E.)) can be found for
the populations of K, K9, and Na’*.

To obtain the overlap set, a 2D histogram was generated out
of each (n,, (E,)) solution set (with 200 x 200 bins). These
histograms were then multiplied binwise by one another,
and the product histogram was normalized to the maximum
density of solutions within the set, i.e., the region which con-
tributes most to the characteristic times calculated within the
set. Finally, only those (n,, (E,)) pairs falling into the nonzero
bins of the product set were kept out of the original solution
sets. This constrains the set of viable solutions significantly,
as demonstrated hereafter.

III. RESULTS

Figure 2 shows the outlines of the individual solution sets
of K, K'%F, and Na’* in ((E.), n.) space, restricted on the

=
)]

K
Na

[
o N b

Charge breeding efficiency (%)

N b~ OO 0

o

1 2 3 4 5 6 7 8 9 10 11 12
Charge state

FIG. 1. Continuous mode charge breeding efficiencies of K and
Na.

physical grounds discussed above, and Fig. 3 shows the heat
map of their mutual overlap. The distributions of n, and (E,)
values are projected as histograms on the margins of Fig. 3. To
characterize the distributions, we tabulate the median value
and in superscript and subscript we indicate the upper and
lower confidence bounds, respectively, which enclose 34.1%
of all solutions above and below the median. For example,
the value n, = 4%}° (10''cm~3) would describe a distribution
whose median value is 4 (10''cm™3) and 68.2% of all n,
values would fall in the interval [1, 14] (10''em~3). Figure 5
in Appendix C shows an example distribution obtained for the
confinement time from the CT analyzer, with the median and
the 34.1% bounds plotted as vertical lines.

Table I shows the median values of n, and (E,) as well
as their 34.1% bounds for both the individual solution sets as
well as the overlap. Similarly, Table II shows the median as
well as the minimum characteristic times calculated from the
individual solution sets, and within their mutual overlap. The

1012<
-
I
IS
L
U
<
[ I
. K0
mm Na’+
1011 .
102 103 104

(Ee) (eV)

FIG. 2. The limits of the solution sets for K+, Kt and Na’*.
The threshold of the drawn contours has been set to 0.1 of the
maximum density. The solution set ranges have been constrained
based on physical considerations as described in the text. The image
has been modified by an applied Gaussian filter for improved clarity.
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FIG. 3. Heat map of the overlap of the K°*, K!°*, and Na’*
solution sets. Densities are normalized to the maximum density.
Margin histograms show the distribution of n, and (E,) values within
the overlap set.

minimum values are tabulated for the characteristic times to
highlight their order of magnitude in particular in the case of
the confinement time.

We find that the uncertainty is reduced in almost all cases,
and that in particular the n,, and (E,) distributions benefit from
the overlap: For example, the median of (E,) corresponding to
the K'°* population decreases from 1300 eV to 600 eV, and
the relative uncertainty from 200% to 150% when applying
the overlap. The n, median increases from 4 x 10" cm™ to
8 x 10" ¢cm—3, and the relative uncertainty decreases from
300% to 140%.

The characteristic time estimates are also generally im-
proved, in particular the confinement times. The relative
uncertainty of K'°* confinement time decreases from 140%
to 100% with the overlap. Similar reduction in the error bars
of the charge exchange times can be seen. We note also that
the minimum confinement times are significantly longer than
those suggested by Ref. [11].

IV. DISCUSSION

The CT method yields a postdiction for the range of elec-
tron densities and average energies (for the presumed EED),
which can serve as a guide for plasma modeling. We have
shown it to be possible to reduce the breadth of the n,, (E,)
region by overlapping two or more solution sets—in partic-

TABLE 1. Medians and 34.1% bounds of n, and (E.) calcu-
lated from the individual solution sets and within the overlap of K
and Na. Applying the overlap (two-element injection) reduces the
uncertainty.

e (101 cem™) (E,) (eV)
Ko+ 410 1000* 1500
K0+ 4+ 13004500
Na’* 75 9003500
Overlap 8+s 6001500

TABLE II. The characteristic times of confinement, ionization,
and charge exchange (¢, 7! , T4, respectively) for K°*, K!°*, and
Na’" within their mutual overlap and individually. The minimum
value (Min.) of the distribution is given along with the median (Med.)
and the upper and lower bounds enclosing 34.1% of solutions above

and below the median. All data in units of ms.

v Tiny &
Ion Min. Med. Min. Med. Min. Med.
Overlap K% 5 8*s 2 357 3 16ty
K+ 8 167! 4 712 4 9%
Na™* 4 5377 2 28t 5 qofl
Nooverlap K°F 5 10110 2 38t 3 9t
K 8 19 4 82 4 84
Na™ 4 5473 2 28t 5 20f

ular, the overlap of two different species (K/Na) limits the
range of solutions. This reduction in the n,, (E.) uncertainty
is reflected to the characteristic times.

Of the three overlap methods (i)—(iii), the overlap of two
isotopes of the same element [case (ii)] had next to no effect,
as could be expected: Since the plasma properties were un-
changed, with two-nucleon mass difference there shouldn’t be
large deviations between the solution sets. Overlapping multi-
ple charge states of a given species, or multiple species [cases
(i) and (iii)], led to noticeable decrease in the uncertainty.
The overlap of two different species [case (iii)] has the added
benefit that the different ionization cross sections (and their
different experimental uncertainties) reduce the effect of the
uncertainty of the cross section on the method results. The re-
sults for cases (i) and (ii) are presented in Appendices D and E.

In Ref. [15], it was shown that the CT-method can be used
to identify bottlenecks in the charge breeding process; e.g., an
electron shell closure inhibits the production of higher charge
states, and must be compensated by a higher plasma energy
content to decrease the ionization time. Multicomponent in-
jection helps in identifying these bottlenecks by decreasing
the possible range of (E,) and n,, which leads to decreased
uncertainty of the characteristic time values.

The method precision is still limited by the uncertainty of
the ionization cross sections, whose literature values carry in
some cases an experimental uncertainty in excess of 100%.
This uncertainty is partly inherited by the CT- method through
the evaluation of the ionization rate coefficients. Arbitrarily
curtailing the cross section uncertainty in the data analysis
leads to a further reduction in the width of the distribu-
tion of the characteristic times, which motivates improving
the cross-section data either experimentally or through
modeling.

The confinement times found by means of the CT
method support recent findings [37] where ion tempera-
tures in ECR-heated plasma were found to be an order of
magnitude higher than conventionally believed. Long con-
finement times—consistent with electrostatic confinement in
a potential dip within the plasma potential profile—were
hypothesized as a potential explanation. According to Ta-
ble II, highly charged ions have a confinement time 25 ms.
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FIG. 4. Schematic layout of the 1+ — N+ PHOENIX-type 14.5 GHz CB-ECRIS test bench at LPSC.

Similarly long confinement time estimates have been found
via other methods [19-21], with some simulations placing
the total residence time of an ion inside the plasma at up
to 100 ms [38]. The 100 ms residence time estimate is
in agreement with the charge-breeding time measurements
[14].

Reference [11] determined ion confinement times from the
extracted beam currents via quasisimultaneous measurements
of bremsstrahlung and Ko emissions from the plasma, and
found much shorter confinement times than those presented
in this paper (at most <4 ms for Ar'¢*) with a linear charge
state dependence. However, their analysis may be influenced

250+

200+

Counts

100

501

0 20 40 60 80 100
Confinement time (ms)

FIG. 5. The resultant confinement time distribution obtained for
K" in the helium discharge corresponding to the operating param-
eters of Table IV. The solid red line corresponds to the median and
the dotted lines are the upper and lower bounds enclosing in total
68.2% of all results within the distribution.

by a circular reasoning as they fix the net ion density to obtain
the EED from the bremsstrahlung emission, and later use the
EED to compute the ion densities from the K« emissions. The
linear dependency, and an assumption of 1 eV temperature for
all ions, was used to conclude that the ambipolar diffusion
model is the best candidate for ion confinement in an ECRIS.
In Ref. [15], confinement times found via the CT method were
shown to be best fitted by a power law rather than a linear fit.
This and the charge state dependent ~10 eV ion temperatures
found in Ref. [37] suggest ion confinement in the potential dip
instead—the ions trapped in the dip would stay there until they
attain the energy required to overcome the potential barrier
geAd.

By solving Eq. (1) as a function of time, it is possible to
obtain the plasma CSD, and from there one may estimate the
intensity of extracted N+ ions. In the case of RIB production,
one must amend Eq. (1) with a term describing loss rates to
radioactive decay, allowing the estimation of extracted RIB
intensity. Doing this requires knowledge of the characteris-
tic times of stable proxy elements, for which the presented
method provides improved information.
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APPENDIX A: THE EXPERIMENTAL SETUP

The experimental campaign was conducted on the Labo-
ratory of Subatomic Physics and Cosmology (LPSC) 1+ —
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TABLE III. ECRIS operating parameters for the Na/K overlap
data set. The source was tuned for Na®* production.

Bipj 1.54T

Bimin 045T

Bext 083T
Microwave power 540 W (14.5 GHz)
Support gas species H,

Piy; 11-12 (1078 mbar)
Pext 13-15 (108 mbar)
1+ pulse width 10 ms

39K ' injection intensity 200 nA
2Na'* injection intensity 100 nA
Extraction HV 20kV

N+ test bench, schematically pictured in Fig. 4. Starting
from the top left of the figure, the 14 ion source, based on
thermionic emission of positive ions from a heated sample,
was used to produce the singly charged ions for injection
into the charge breeder: the amount of injected material was
controlled by adjusting the heating power on the pellet. The
pulsing was achieved by the 14 pulsing plates, which de-
flected the beam electrostatically. The 14 dipole magnet was
used to select the desired 1+ ion species based on the charge-
to-mass ratio, and the 14 Faraday cup enabled the precise
measurement of the injected 1+ current. The PHOENIX-type
14.5 GHz CB-ECRIS was assembled with a hexapole pro-
viding a 0.8 T radial magnetic field strength at the plasma
chamber wall, on the poles. The plasma electrode aperture
size was 8 mm. After extraction from the ECRIS, the N+
dipole magnet allowed the selection of the charge-bred, highly
charged ions based on their charge-to-mass ratio. The N+
Faraday cup was used to measure the transient time series of
the N+ currents.

APPENDIX B: ECRIS OPERATING PARAMETERS

The CB-ECRIS operating parameters used in the campaign
to produce the Na/K-overlap data set are tabulated in Ta-
ble III. The operating parameters used in the campaign to
produce the isotope overlap data set are tabulated in Table I'V.

TABLE IV. Source operating parameters for the isotope overlap
data set.

Biyj 1.52T

Binin 041T

Bext 0.83T
Microwave power 540 W (14.5 GHz)
Support gas species He8

Piy; 8-10 (10~° mbar)
Pext 9-15 (10~® mbar)
1+ pulse width 10 ms
K" injection intensity 270 nA
41K injection intensity 55nA
Extraction HV 20kV

TABLE V. The characteristic times of confinement, ionization,
and charge exchange (t9, T, 74, respectively) for *K°* and ' K**
within their mutual overlap, and individually. The minimum value of
(Min.) of the distribution is given along with the median (Med.) and
the upper and lower bounds enclosing 34.1% of solutions above and

below the median. All data in units of ms.

74 ! 74

inz X

Ton Min. Med. Min. Med. Min. Med.

Overlap ¥k 6 117 3 54t 4 1378
47 16t 3 45t 4 9t

Nooverap ¥K’* 6 13*22 3 6! 4 10tP
a7 e 30 4t 4 98

APPENDIX C: EXAMPLE CHARACTERISTIC TIME
DISTRIBUTION

Figure 5 shows the confinement time values of “' K" in-
dividually using the ECRIS operating parameters tabulated in
Table IV. The median value 14.2 ms is plotted in solid red,
while the lower bound at 9.5 ms and the upper bound at 28.8
ms are plotted with dotted lines. The upper and lower bounds
enclose 34.1% of the solutions above and below the median,
respectively, i.e., the uncertainty is given with a confidence of
68.2%.

APPENDIX D: ISOTOPE OVERLAP

The potassium isotopes K and *'K were selectively in-
jected into the helium plasma of the charge breeder (the source
operating parameters tabulated in Table 1V). The resultant
continuous injection mode CSDs are shown in Fig. 6. Al-
though there is an apparent absolute difference in the charge
breeding efficiencies of the two isotopes, it turns out that by
multiplying the 3°K distribution by 1.16 yields the same shape
as for #'K. We can thus be assured that the plasma proper-
ties are not markedly changed by the differing 14 injection
intensities: One expects more or less the same CSD for two

TABLE VI. The characteristic times of confinement, ionization,
and charge exchange (79, 1!, tZ, respectively) for 9K and
4K " within their mutual overlap, and individually. The minimum
value of (Min.) of the distribution is given with the median (Med.)
along with the upper and lower bounds enclosing 34.1% of solutions
above and below the median. All data in units of ms.

q
inz

Med. Min. Med.

T Td

Ton Min. Med. Min.

Overlap  ¥K'"" 13 3572 4 5870 6 117
a0 18t s 13 6 127]
Nooverap k'™ 13 36 4 6! 6 117
a0 18t s 13H s 12
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FIG. 6. The continuous mode charge breeding efficiencies of
¥K and *'K. The gray bars represent the °K efficiency multi-
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FIG. 7. Outermost contours of the solution sets of 39Kng and
HK (a), and the heat map of their overlap (b). (a) has been
modified by an applied Gaussian filter for clarity. The margin his-
tograms show the distribution of n, and (E,) values within the
solution set.
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FIG. 8. Outermost contours of the solution sets of 391(]0+ and
4" (2) and the heat map of their overlap (b). (a) has been
modified by an applied Gaussian filter for clarity. The margin his-
tograms show the distribution of n, and (E,) values within the
solution set.

isotopes of the same ion species if the plasma properties are
unchanged, since they have the same electron configuration.
Figures 7 and 8 present the solution sets of 3K’ /'*" and
41K9+/ "% and heat maps of their respective overlaps.

The characteristic time results for K" and 'K’ are
tabulated in Table V and the results for 3K '** and ' K'*" in
Table VI. The corresponding values for the obtained n,, (E,)
distributions are found in Tables VII and VIII for the overlaps

of 394K and 39/41K """ respectively.

APPENDIX E: CHARGE-STATE OVERLAP

Three different overlap sets of the high charge states of
41K were taken: The charge states ¥ K'*" 'K+ were over-
lapped in set A, T AR ip et B, and Y KET —41K ! in
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TABLE VII. The electron densities n, and averages energies of
the EED (E,) of the helium discharge obtained from K" and *'k**
within their mutual overlap and individually. The median along with
the upper and lower bounds enclosing 34.1% of solutions above and

below the median is tabulated.

n. (10"em™3) (E.) (eV)
9+ 35
K 32493 890733
9+
YK 7.870% 510195
Overlap 5.9%99 560+5%

set C. The ECRIS operating parameters were the ones given
in Table IV, and the CSD is the one shown in Fig. 6.

To obtain better statistics, the CT analyzer was run twice:
First, the analysis was done as usual in the range (E,) €
[10,10000] eV, n, € [1 x 10'", 2.6 x 10'2] cm~3. The over-
lap was then taken, and the minimum and maximum (E,)
and n, values common to each population in the set were
selected as the new limits. The CT analyzer was then run
with the new, constrained limits. The resultant contours of sets
A, B, and C are presented in Fig. 9, and the estimates of n,
and (E,) are presented in Table IX. The characteristic times
computed within each of the overlaps are plotted in Fig. 10.
We find that there is a reduction in the uncertainty when
more charge states are overlapped. However, the uncertainty
of the confinement time of “'K’" markedly increases when

4% is included in the overlap. This may indicate that #'K*"
originates from a region of plasma with different plasma
conditions, and we note that *'K*" is indeed below the CSD
peak, and hence may correspond to a different plasma volume.
In the case of the ionization time and the charge exchange
time, inclusion of 4'K*"
uncertainty.

An interesting phenomenon in the ionization times
emerges from the charge-state overlap: It appears that the ion-
ization time of #'K'' " is shorter than that of ' K'*", which is
unexpected considering that the ionization potential increases
with charge state. We note that K''* has three metastable ex-
cited states with lifetimes on the order of a few milliseconds,
while K'%* only has one (see Table X). The greater number
of metastable states could decrease the ionization time of
K!'"'* compared to K!%* if the ionization occurs in a two-step
process such that an electron first ionizes K''* to a metastable

leads to further reduction in the

TABLE VIII. The electron densities n, and averages ene §1es of
the EED (E,) of the helium discharge obtained from ¥K'""
H“E'" Within their mutual overlap and individually. The medlan
along with the upper and lower bounds enclosing 34.1% of solutions
above and below the median is tabulated.

n, (10"em™?) (E) (eV)

10+
K 3.44% 1410733
ag'* 41473 124071550
Overlap 3774 13101736
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FIG. 9. The outermost contours of the solution sets for ' K*"
HEIT AR and KM Set A in (a), set B in (b), and set C in
(c). The image has been modified by an applied Gaussian filter for
improved clarity.

state, and a subsequent electron impact leads to ionization
before the metastable state de-excites. This is, however, spec-
ulative, as possible processes leading to premature quenching
of the metastable states are unknown.
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FIG. 10. The characteristic times of confinement (a), ionization
(b), and charge exchange (c) obtained from the overlap sets of
41K10+ 4TI (set A), 41K9+ 4RI (set B), and 41K8+ _di+
(set C). The median values of the distributions are plotted in
solid markers, and the error bars enclose 34.1% of all solutions
above and below the median. The minimum values are plotted by
empty markers. The x-axis values have been slightly displaced for
clarity.
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FIG. 11. Binary heat map of the solution sets of K°* (a), K'+
(b), and Na’* (c). Margin histograms show the distribution of n, and
(E,) values within the solution set.

APPENDIX F: SOLUTION SETS

Figure 11 shows two-dimensional histograms of the so-
lution sets of K°*/1%* and Na’* obtained from the CT
analysis code. The histogram plots have been generated with
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FIG. 12. Example of the effect of Gaussian filtering on the over-
lap contours. (a) has no applied Gaussian filter, while in (b) a
Gaussian filtering with a standard deviation o = 1.

200 x 200 bins so if any solutions at all are found in a given
bin, the histogram takes there the value 1. The distributions
of the n, and (E,) values are plotted on the y and x margins,
respectively.

APPENDIX G: GAUSSIAN FILTERING

Gaussian filtering is a classical method for removing noise
from 2D photos and images, and its effect on our images

TABLE IX. The electron densities n, and averages energies of
the EED (E,) obtained with different charge state overlaps of 'K
within their mutual overlap. The median along with the upper and
lower bounds enclosing 34.1% of solutions above and below the
median is tabulated.

Set n. (10"em™3) (E.) (eV)
A 74412 1100750
B 49117 1400+
C 3.6709 240075

TABLE X. Spontaneous metastable transitions of K'+ and K!!+
[40,41].

Ton Upper state Lower state Lifetime (ms)

Ko+ 25%2p° ZP‘I’/2 2522p° ZP‘3’/2 44

K+ 2522p* 1S, 2522p* 3P, 0.2
2522p* 'D, 2522p* 3P, 24
25%2p* 3P, 2s22p* 3P, 6.7

is illustrated in Fig. 12. The filtering is done using the
gaussian_filter function from Python’s scipy.ndimage
module, and its effect is to blur high-noise regions of the
contour, which result from few non-zero regions outside of
the general grouping. Without filtering, the contour is jagged,
and applying the filter allows the reader to more easily see the
general tendencies in the data. The effect is the same as when
filtering noisy current signals in experimental measurements.
We have taken great care to ensure that relevant portions of
data are not obscured by the filtering—this is confirmed by
eyeballing the produced images and adjusting the standard
deviation o of the Gaussian kernel accordingly. Only the con-
tour images are affected by the filtering, and any (all) analysis
of the overlap data sets is carried out using unfiltered data.
The experimental data and codes required to reproduce the
images in the paper are freely available and links to them are
referenced within the paper. This includes all postprocessing
routines such as plotting the contour images with or without
the Gaussian filtering.
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The consecutive transients (CT) method is a plasma diagnostic technique of Charge
Breeder Electron Cyclotron Resonance Ion Source plasmas. It is based on short-pulse
injection of singly charged ions and the measurement of the resulting transients of
the extracted multi-charged ion beams. Here we study the origin of the large un-
certainty bounds yielded by the method to reveal avenues to improve its accuracy.
We investigate the effects of the assumed electron energy distribution (EED) and
the uncertainty inherited from the ionization cross section data of K**~K'?* ions on
the resulting plasma electron density n., average energy (F.), and the characteristic

times of ion confinement 79, electron impact ionization 7! , and charge exchange

inz’

7 provided by the CT method. The role of the EED was probed with Kappa and
double-Maxwellian distributions, the latter resulting in a shift of the n, and (E,)

distributions. The uncertainty of the ionization cross section o™ ., was artificially

curtailed to investigate its impact on the values and uncertainties of the plasma

inz

parameters. It is demonstrated that hypothetical perfect knowledge of o4 ., sig-

nificantly reduces the uncertainties of 79, 71 and 72, which motivates the need for

inz> cx)

improved cross section data.
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I. INTRODUCTION

Electron cyclotron resonance ion sources (ECRIS) are used worldwide for the production
of stable, high intensity beams of medium to high charge state ions for the purposes of
accelerator based nuclear physics??, heavy ion based radiotherapy*®, and various industrial
applications (e.g.%"). ECRIS operation is based on the magnetic confinement and microwave
heating of electrons, which break up and ionize neutral gas supplied into the plasma chamber

at near vacuum pressure.

ECRIS based charge breeders® are a vital component of ISOL facilities exploring the
boundaries of the nuclear chart. They enable efficient conversion of the low intensity 14
beam of rare and short-lived isotopes to high charge state ions required for post-acceleration.
Due to the diminishing reaction cross sections involved in the nuclear physics experiments
(i.e. production of the heavy isotopes), ever greater beam intensities are demanded. As the
1+ intensities yielded by the ISOL method are typically low, the charge breeder efficiency
needs to be as high as possible to realize this. Fundamental nuclear physics research hence
benefits from the continued improvements in ECRIS technology, which in turn requires
the development of state-of-the art plasma diagnostics methods for R&D purposes and

benchmarking of simulations®*!.

One of the keys to ECRIS development for charge breeding lies in optimizing the electron
density n. and average energy (E.) in the plasma. These parameters affect directly the
rate of ionization — a higher electron density implies more collisions, and a higher impact
energy enables higher charge states to be produced. The electron density and energy also
modify the ion confinement properties. The energetic electrons also experience improved
confinement within the minimum-B structure of the ECRIS magnetic field. This leads to a
buildup of a hot electron component in the plasma core, which causes a negative potential
dip A® in the otherwise positive plasma potential profile ®1213. This dip presents an
electrostatic barrier to the positive highly charged ions in the central plasma, improving

their confinement. The electron energy distribution of ECR ion sources has been studied

e.g. using escaping electron spectroscopy'®® while singly charged ion beam injection!617,
microwave interferometry'®, and bremsstrahlung emissions'® can be used for studying the
electron density. On the other hand, plasma diamagnetism?®2! diagnostic yields information

on the plasma energy content n, (E,).
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Decreasing charge exchange rate between ions and neutral atoms also leads to improve-
ments in charge breeding efficiency of high charge states. Here the ion captures a valence
electron from the valence orbital of the neutral atom, leading to a decrease of its charge
state. Charge exchange can be counteracted by decreasing the neutral density, i.e. decreas-
ing the input of the neutral gas and hence the pressure, or by using a gas with a high first
ionization potential.

The characteristic times of ion confinement, ionization and charge exchange (79, 77, and

inz>

74

4, respectively) are measures for their respective processes. These have been probed by

means of beam current transient measurements?? 26

, which are based on the modeling of
the beam current through the balance equation of ion densities. The consecutive transients
(CT) method discussed in this work is the latest improvement in this lineage of diagnostics
methods. The major improvements over the previous techniques are that (i) the CT method
requires fewer assumptions — in particular no assumptions need to be made regarding the
functional dependence of the confinement time on the ion charge state and (i) while
the previous methods equate the in-plasma ion density to the extracted beam current (i.e.
gn? o< I7) the CT method incorporates the confinement time dependence (i.e. I? o gn?/79)
similar to Ref.?>.

We have shown®” 2 that the Consecutive Transients method (CT) can be used to obtain

postdictions for n., (E.), 79, 7

iz and 7 with a parsimony of assumptions. The working
principle of the CT method is recounted in Section II. The downside of the technique is
the considerable uncertainty associated with the results — e.g. for the confinement time of
potassium 75" = 14.472%! ms or an uncertainty of 200 % (see Table IV). We investigate
here the method’s intrinsic uncertainty originating from parameters which need to be either
assumed or taken from the literature, as opposed to uncertainty involved with the experi-
mental setup such as the perturbation caused on the support plasma or the source tuning
error due to e.g. hysteresis of the yoke magnetic material. The study of the effect of the
intrinsic error sources is critical, as they are beyond the control of the experimenter and
play a deciding role in the estimation of the robustness of the method.

Two sources of uncertainty are computationally relevant: (1) The method requires the
user to presume a certain EED, which is used to evaluate the ionization rate coefficients,

thus affecting the resulting n. and (F.) values. In Section IIIA we probe the sensitivity
of the method to the EED with a particular focus on the high-energy tail of the presumed

3
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distribution; (2) The electron impact rate coefficients are computed using literature values
of the cross sections, some of which are subject to considerable experimental uncertainty
(for example, the cross section of the ground state electron-impact ionization of K% to
Ko, Ug’f;}; ., carries a reported relative uncertainty of 200%3). In absence of more precise
literature values we investigate here the effect of arbitrarily curtailing the uncertainty limits
to simulate more precise knowledge of the cross sections (Section IIIB). In short, the purpose
of this work is to establish what is the effect of varying the presumed EED on the method

results, and whether or not more precise cross section data could lead to an improvement in

the result precision.

II. THE CT METHOD

The experimental methodology of the CT method is illustrated schematically in Fig. 1.
Short (< 10 ms) pulses of 1+ ions of a probe element (metallic, to minimize wall recycling
effects) are injected into a support gas plasma sustained within the ECRIS. The injected
ions are captured by the plasma where they experience ionization by electron-impact and
charge exchange with neutral atoms, until escaping confinement. A portion of the escaped
ions form the N+ beam, i.e. the extracted beam comprised of the various charge states’
ions. The N+ beam is m/q analyzed using a dipole magnet, and the beam transient time

series of consecutive charge states (minimum of 5) are measured with a Faraday cup.

1+ beam N+ transients

Te (E) T
CB-ECRIS

ajodip

BuizAjeue ssepy

source

Extracted
N+ beam

Injected 1+ beam
lonization, Charge exchange

HV b—— oo
HV-AV | |

FIG. 1: The experimental principle of the consecutive transients method.
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A. Analysis procedures

The time evolution of the plasma charge state distribution of the injected material is

described by the balance equation'?

dn? inz i
_ Z qg—1 _ nz q
ar +1ne <U’U>q7]~>q n e <JU>qu+1 n
(1)
cx q+1 .\ CX q_ 04 /-q
+10 (0V) 11,y T no (ov),5,, 0t —n?/7Y,
where <(w>mz/ “ are the rate coefficients of ionization/charge exchange. Here it is assumed

that electron impact ionization dominates over photoionization and double (and other higher
order) ionization reactions have been omitted. Charge exchange takes place with neutral
atoms of the support plasma (density ng). Ion-ion charge exchange is neglected as it becomes
increasingly unlikely with ¢ due to the increasing ionization potentials® 3 and the Coulomb
repulsion between like-charged ions. Furthermore, the balance equation assumes that owing
to their high collisionality, the ions are in Maxwellian thermal equilibrium. The term —n?/79
defines the n? population confinement time 7¢ through diffusive processes, i.e. ion losses
caused by instabilities are ignored. The ionization and charge exchange times are defined

through the corresponding rates:

. —1
iy = (nelow),.) o and 2)

= (ol ) 3)

We combine the balance equation with a model for the extracted beam current?”3435

niqe

19 = kFRLS (4)

Tq "’

where k, L, and S are the beamline transmission efficiency, length of the plasma, and area
of the extraction aperture, respectively. For generality, we have introduced the mirror ratio
dependent factor Fp which determines the fraction of the ions escaping confinement that
are lost towards the extraction. The k, Fg, L, S, and elementary charge e cancel out upon

substitution into Eq. 1, giving us the time evolution of the extracted and detected beam as

19 = q 7" — b, I + ¢, 17, (5)

5
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where

inz q Tq_l
(6)

ag =ne{ov),"1 ., =17

by = (e ()} 00+ 10 (00)%, s +1/7) (7)

ox g 7!

g =n0{0V) 11y P (8)
Fitting Eq. 5 to the measured time series data, the coefficients a4, b, and ¢, are obtained as
the fitting parameters. It is emphasized that these coefficients are not affected by the uncer-
tainties of the ionisation or charge exchange cross sections, but merely carry the uncertainty
associated to the fitting procedure, which contributes to the uncertainty of the results only

when the signal-to-noise ratio of the data is poor. By algebraic manipulation it is possible

to construct an equation depending only on the coefficients ay, by, ¢, and n. and (E.):

_ inz _ aq+1¢q
q e b1 — Me <0v>q+1—>q+2 neloo) ™ (©)
1, L \inz - . inz - aqCq—1
q+1n, (UU)rH,Hl by — 1 ((ﬂ))qﬁ\q+1 P

Solving Eq. 9 requires the parameters a,, ag+1, by, bgy1, ¢q—1 and ¢, which dictates that
the transients of five consecutive charge states must be measured.
Equation 9 has an infinitude of solutions, and the acceptable solution set is obtained by

defining a penalty function

Fi(n,, <EE>) =

b —-n <O_v>inz _ q+1Cq
‘ q Ag+1 a1 ¢ a+1—g+2 "6(‘7“>:1rf>q+1
1 inz - _ inz _ aqcq—1 10
q+1n.(ov),", by — e (ov),5 1 oo (10)

/ q Ag+1
q+1n,(ov)"
and minimizing it as a function of (E.) in a dense array of n. points. Here the dependence

on (E,) comes from the ionization rate coefficients, defined as

ooy, = / " g0 () (0)udo (1)

where g(v; (E.)) is the EED as a function of speed, and parameterized by the average
energy of the distribution. Strictly speaking v is the relative speed of the electrons and ions,

but owing to the much smaller mass and greater energy of the electrons, the ions can be

inz

w51 of potassium in our work are taken from the literature

considered stationary. The o,
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values for the ground state electron-impact ionization reported in Refs.?%3¢. The upper limit
of F is selected to be low enough that each solution set contains on the order of 10% solutions
for sufficient statistics. In this work we set F© < 1075, The effect of restricting the upper
limit of F is elaborated in Appendix A.

The solution sets depend on the EED presumed in the calculation of the rate coefficients
(ov)™. Since the rate coefficients directly inherit the experimental uncertainty carried by

inz

Tq—q+1

as can be seen from Eq. 11, this is reflected in the uncertainty of the method results.

The characteristic times can then be computed within the solution set according to®”

—1
i AgCq—1
1= | b, —ne (o0)™ - —LI— , 12
( q < >LI‘"I+1 e <0_,U>mz ) ( )

q—1—q
) -1
T = (bq — N <O-U>lqriq+l - 1/7‘1) , and (13)
Ty = 1/Me <U’U>iqnj)q+] (14)

We eliminate unphysical results by demanding that the characteristic times are positive. As
we obtain a set of solutions for (E,) and n., we obtain also a distribution for 7%, 74, and 7l .
To plot the results, we take the median value between the upper and lower uncertainty limits
so that they enclose 34.1% of all solutions, respectively (reflecting a one sigma confidence
interval for a Gaussian distribution).

In this work the determination of the coeflicients a,, by, and ¢, was conducted by solving
Eq. 5 with a 4™ order Runge-Kutta method using a time step of 107 s, and minimizing the
least squares difference between the measured time series for /¢ and the numerical solution.
The (E.), n. optimization (i.e. the minimization of the penalty function) was performed
in a 1000 element array of logarithmically spaced n, values, and 1000 Monte Carlo (MC)

iterations for the uncertainty were performed. A small random displacement was added to

the elements in the n, array between each MC iteration to better cover the search space.

B. Experimental data

The data analysed in this work are from the experimental campaign conducted for Ref.?”
on the 14.5 GHz CB-ECRIS at the LPSC. The relevant source operating parameters are
summarized in Table I. The corresponding characteristic times and charge breeding efficien-

cies of potassium in helium plasma are tabulated in Table II. Singly charged potassium ions

7
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TABLE I: Main CB-ECRIS operating parameters.

Support, gas species
Pyj (background)
Py,j (operation)
Extraction voltage
Injected 1+ intensity
Biyj

Brin

Bext

Microwave power

AV

He

2.5 x 1078 mbar
8.7 x 1078 mbar
20 kV

710 nA

1.58 T

0.45T

083 T

500 W (14.5 GHz)
-39V

TABLE II: The charge breeding efficiencies n? and the characteristic times obtained in

Ref.?”. The relative uncertainties are computed from the absolute upper and lower

uncertainty limits (6 and &, resp.) according to 6 = (6 4 8)/7 for each 7.

Charge state| 77 (ms) 6 (%)| 72, (ms) 6 (%)| 7 (ms) (%) n? (%)
1 — — — — — — 9.7
2 — — — — — — 2.7
3 — — — — — — 1.2
4 — — — — — — 1.0
5 2.6194 46 2.6103 38 3601510 183 11
6 2.6757 81 2.5107 56 26139 165 1.2
7 473 150 2.6799 65 7+ 157 15
8 70 200 31708 71 475 175 2.7
9 1013 170 1013 70 97 111 8.9
10 161719 163 1373 54 13+15 154 10.6
11 — — — — — — 8.5
12 — — — — — — 5.1

St = 54.2 %
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were injected in 10 ms pulses into a helium support plasma sustained within the ECRIS.
The N+ beam was mass analyzed using a dipole magnet, and the transient time series were
collected at the N+ Faraday cup. The experimental setup and methods are discussed in
detail in Ref.?".

The key results of Ref.2” can be summarized as follows: We showed that the method can
be used to obtain postdictions for the electron density and average energy, i.e. the energy
content of the plasma, as well as the characteristic times; The closed electron shell of K°F
is visible in the ionization times; The charge exchange time exhibits a minimum at K%F
from which it was inferred that although the cross section of charge exchange increases with
charge state, the decreasing neutral density towards the plasma core mitigates its effects
for high charge states; The confinement time was found to satisfy a power law within the
uncertainty bounds, with the long confinement times of the high charge states implying
that at the charge breeder ECRIS plasma conditions the highly charged ions are indeed
electrostatically confined with the low charge states being magnetized; The energy content
n. (E,) was found to be constant as a function of charge state (within the uncertainty limits)
and the plasma triple product n. (E,) 77 was seen to increase with ¢ — in agreement of the
Golovanivsky diagram for ECRIS performance®38,

Importantly, we identified the EED as a possible source of error for the method. Although
this is not directly reflected in the uncertainty bounds, it is used in the evaluation of the
ionization rate coefficients and thus inherently affects the resultant n., (E.) values. In the
analysis in Ref.?” the EED was presumed to be a simple Maxwell-Boltzmann distribution.
Other error sources — including the support plasma perturbation — are discussed in Ref.?”
and in Appendix C.

We also found that the method yields considerable uncertainty bounds for the charac-
teristic times. For high charge states the relative uncertainty (68.2% confidence interval)
of 77 and 74, was > 100 %. It was speculated that this uncertainty originates largely from
the uncertainty of the ionization cross sections. In Ref.?” the rate coefficients were obtained
using the semi-empirical Voronov formula® and an umbrella uncertainty of 60% was applied
to all charge states based on Ref.?®. This is incorrect as the uncertainty varies charge state

28,29 we have adopted the cross sections and the corresponding

to charge state. Thereafter
uncertainties from the semi-empirical formula and data reported in Refs.?26. We compute

the rate coefficients using a chosen EED, and apply each charge state the appropriate un-
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certainty as given in the literature. Understanding how the selection of the EED and the
uncertainties of the ionization cross sections affect the results of the CT method (topic of
this paper) can be considered a prerequisite for using the method in parametric studies of

charge breeder ECRIS plasma parameters in upcoming measurement campaigns.

IIT. ANALYSIS METHODS AND RESULTS
A. Changing the EED

To study the effects of presuming different EEDs in computing the rate coefficients,
we employed three different distributions: The default Maxwell-Boltzmann distribution,
the kappa distribution?® and a double Maxwell-Boltzmann distribution. Often, theoretical
approaches in ECRIS physics employ the Maxwell-Boltzmann distribution. It presumes
thermodynamic equilibrium in the ensemble of particles, which is not necessarily a rigorous
assumption in the case of the non-equilibrium plasma of the ECRIS. The true EED remains
unknown but experimental measurements of the lost electron energy distribution (LEED)
imply that the EED is non-Maxwellian*. In particular, there appears to exist a population
of hot ~ 100 keV electrons which appear as a pronounced “hump” in the LEED'.

It is therefore interesting to investigate the effect of varying the high energy tail of the
EED. The kappa distribution provides a mathematically convenient way to do this by varying
the value of the spectral parameter x, which has the effect of increasing the relative weight
of the high energy tail as k decreases. For k — oo the kappa distribution approaches a
Maxwell-Boltzmann distribution. The aforementioned LEED experiments, however, suggest
that a double MB distribution might better describe the EED. We thus construct a double
Maxwell-Boltzmann distribution with hot and warm electron populations, so that the hot

population has a fixed (E.), and the (E.), is allowed to vary. This is justified as the

c
ionization cross section is greater in the energy range corresponding to the warm electron
population, and hence the rate coefficient is more sensitive to variations of (E.),. The double
MB distribution allows us to assign arbitrary fractions of the total electron population to
either the warm or the hot population. We assume the EEDs to be isotropic although it
could be argued that this does not hold for the hot electron population of the double MB

distribution.
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The Maxwell-Boltzmann distribution as a function of speed v is

(MmN s me? =
g(v) = <27rkT) dmve” 2T (15)

where k is the Boltzmann constant, 7" is the temperature, and m is the particle mass.
The kappa distribution was taken from Ref.*?, and converted to speed formalism by
integrating over the solid angle in velocity space (v*dvdQ) which amounts to multiplication

by 47v? thanks to the symmetry of the distribution. We have then

) 9\ —(k+1)

) = GG AT <1 7) (16)
where the thermal velocity w, = \/(2k — 3)kT,,/km, T, is the so-called equivalent temper-
ature, I' is the Gamma function, and the spectral index x > 3/2.

The double Maxwell-Boltzmann distribution was defined so that
9(V; (Eee)) = ne [fege(v; (Eee)) + frgn(vi (Eep))] (17)

where gy (v; (E.p)) represents the hot electron population with a fixed average energy set
to (Eep) = 100 keV. The average energy of the warm population — the main provider
of ionizing collisions — described by g.(v; (E..)) was allowed to vary. The coefficients
0% < f. < 100%, and f;, = 100% — f. define the fraction of electrons assigned to the warm
and hot population, respectively.

According to Ref.?! switching off the microwave heating power leads to an abrupt 50%
decrease in the electron flux escaping through the magnetic mirror. It was inferred that
this occurs due to the elimination of rf-induced pitch angle scattering of electrons. The
actual fractions of electrons in any given population are unknown, but since the rf-induced
pitch angle scattering primarily affects the warm and hot electrons (with energies on the
order of 10 keV-100 keV*!), we infer that in the “worst-case-scenario” f, = 50%. In the
following analysis, the hot population energy was set to (E,), = 100 keV. Another analysis
was conducted with (E.), = 200 keV, but there were no significant deviations in the results.

To facilitate comparisons between the different EEDs, we use average energy of the distri-
bution instead of the temperature or equivalent temperature. For the Maxwell-Boltzmann
distribution this amounts to the substitution kT — % (Ee), but for the kappa distribution

we need to solve for a given (E.)
> 1
()= [ Gt ) (13)
0
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FIG. 2: Different EEDs plotted with a fixed most probable energy of 2 keV. The
Maxwell-Boltzmann (MB) distribution and the kappa distribution for different values of x
are plotted in subplot (a); The MB distribution and double-MB distribution with different

assignments of electrons to the warm and hot populations are plotted in (b). In (a)
k =2,3,5,10 and in (b) the most probable energy of the warm population is fixed to

2 keV while the fraction of electrons in the hot, 100 keV population gets values of
fn = 10%, 20%, 30%, 40%, 50%. The ground state electron-impact ionization cross section
aiﬂz_;f,lz . is depicted by the black dashed line and is overlaid with the distributions. The

insets highlight the high-energy behavior.

as a function of T, to obtain the equivalent temperature which yields the desired (E.). The
rate coefficients are then computed according to Eq. 11 substituting the distributions from
Eqgs. 15, 16, and 17. Note that we use classical equations throughout the analysis.

Figure 2 (a) plots the Maxwell-Boltzmann (MB) distribution together with the kappa
distribution (for k = 2,3,5,10) as a function of the electron energy for a constant most
probable energy of 2 keV. In subfigure (b) the MB distribution is compared to a double-
Maxwellian distribution. In 2 (b), the warm population most probable energy is fixed to
2 keV and the (E.), = 100 keV. The double-Maxwellian is plotted with different fractions of
electrons assigned to the hot population, f;, = 10%, 20%, 30%,40%, 50%. The high energy
behavior of the distributions is highlighted by the log-log inset plots. The particle number
in each distribution is normalized, i.e. an integral over each distribution yields unity.

Figure 3 shows (m));"j’j; , with different EEDs as a function of (E.). We observe that

the maximum rate coefficient is reached at a higher (E.) as r decreases. The double MB
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distribution on the other hand yields a flat low-(E,) component to the rate coefficient at
energies below 100 eV, thanks to the constant high energy population whose EED overlaps
with a non-zero part of the ionization cross section. The small cross section at high energy
is in part compensated by the large v. At high (E.) the double MB distribution yields
a smaller rate coefficient, because while the less energetic population approaches optimum
energy the contribution of the hot population remains constant.

Examples of the CT-method ({(E.),n.) solution sets obtained using different EEDs are
plotted for K8, K and K'°* in Fig. 4. The contour encloses all bins for which the density
of solutions is greater than 10% of the maximum. For lower values of s, we find that the
postdicted ((E.), n.) sets have shifted towards higher electron energy and density compared
to the standard MB. In the case of the double MB EED we find that a higher proportion of
hot electrons reduces the n, domain at low (E,) — consistent with the higher rate coefficient
in that region. In the high energy range the double MB distribution yields nearly identical
solutions as with the simple MB, which is to be expected as the rate coefficients deviate
much less. For lower charge states (K7+’6+'5+) the double MB distribution yields slightly
higher n. values at low (E,) than the standard MB. N.B. that we do not expect each charge
state population to yield the same n, and (E.) due to the spatial distribution of electrons
as discussed in detail in Ref.?".

Figure 5 shows the characteristic times as a function of the charge state obtained using
different EEDs. The only major deviations are observed in the case of the confinement
time of K8, K% and K'°*. Both the double MB and kappa distribution results indicate,
that a presumed larger hot electron population postdicts a greater confinement time. The
deviations remain within the uncertainty bounds, however. The similarity between the char-
acteristic times obtained with the kappa distribution and a standard MB can be attributed
to the similarity of the rate coefficients given by them (see Fig. 3). The double MB on the
other hand has a significant contribution from the hot electron population even when the

warm population has a moderate or low energy.

B. Curtailing the cross section uncertainty

inz

To investigate the effect of having more precise information of o33 .4,

we perform an

artificial curtailment of its experimental uncertainty. Because the ionization rate coefficients
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FIG. 3: The ((71))i8":Hng for the reaction e~ + K" — K®% 4 2¢~ as a function of (E,) using
different EEDs: Maxwell-Boltzmann (MB), kappa distribution (k = 2, 3,5, 10) and a
double-Maxwellian distribution with the hot population fixed to (E.), = 100 keV and
Irn = 10%, 20%, 30%, 40%, 50% of electrons assigned to the hot population.

inz

g1 18 taken into

directly inherit the uncertainty of the cross sections, the uncertainty of o,
account by repeating the n., (E.) optimization multiple times (~ 1000) and adding a random

bias to the rate coefficients (av);rf)q+1 in each iteration. That is

(V) g5ga1 = (00) g1 (A+ By) (19)

q—q+1

where A is a constant offset and B, is selected by a random, uniform sample from within the
bounds of the experimental uncertainty of 0% .. Effectively, we limit the range from which
B, is sampled to a fraction of the reported uncertainty. Simultaneously, we vary the constant
offset A to account for possible systematic errors in the cross section measurement. We
constrain the selection of A and B, so that the original uncertainty limits are never exceeded.
As an example, if the added offset is 50% (i.e. A = 150%), then B, ~ U(—50, 50)%X50’;‘Eq+1,
where U is the uniform distribution, is the largest extent of B,. Figure 6 shows the effect

of varying the offset and the random bias. The different sets of A and B, analyzed are
tabulated in Table III.
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FIG. 4: Outer contours of the solution sets for K3% K and K!°* with different EEDs.
(a), (c), (e) compare the results obtained with the kappa distributions, while (b), (d), (f)
show the sets obtained with the different double MB distributions. The standard MB
distribution is plotted for reference in each figure. A Gaussian filter was applied to smooth
the contours, improving legibility.
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(d), (f) plot solutions with the double MB distribution. The results for a standard MB

distribution are plotted for reference in each subfigure.
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FIG. 6: Schematic illustration of artificially curtailing the rate coefficient / cross section
uncertainty. The gray region shows the original experimental uncertainty. Applying the
offset A shifts the center of (ov) while curtailing the range of the random variable B,
narrows the uncertainty bounds. That is, A represents systematic error and B, relative

uncertainty.

Figure 7 shows the effect of curtailing the cross section (rate coefficient) uncertainty
limits, with K®" used as an example case. The solution sets become progressively narrower
as the uncertainty limits are tightened. The effect of decreasing A is to shift sets towards
higher n.. This is because the resulting lower value of (UU}“’Z needs to be compensated by
a higher n., in order to obtain the ionization rate which minimizes the penalty function
(Eq. 10). Similar effects are seen for all charge states.

Figure 8 plots the characteristic times resulting from the curtailed solution sets. We can
see that in general, the decreased uncertainty yields smaller uncertainty bounds. The char-
acteristic times obtained for K3 which has the largest associated uncertainty of the cross
section (60g;"%. = 200 %), from the different analyses are tabulated in Table IV. NB that
the set 100-50 yields, counterintuitively, a greater uncertainty than the uncurtailed analy-

sis. This happens when the decreased uncertainty range prohibits certain (E.), n. values

resulting in a greater variance in the resultant characteristic time distributions. In general,
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TABLE III: The combinations of offset .A and percentage range for the random bias B,
used in the analysis. The B, is selected from a random uniform distribution as a
percentage of the original uncertainty of the ionization cross section do. The combination

A =100%, B, ~ U(0,0)% corresponds to perfect knowledge of af}‘jﬁl.

Set label A (%) By (% x do)
150-50 150 ~ U(~50,50)
150-25 150 ~ U(~25,25)
150-10 150 ~ U(~10,10)
150-00 150 ~U(0,0)
100-50 100 ~ U(-50,50)
100-25 100 ~ U(~25,25)
100-10 100 ~ U(-10,10)
100-00 100 ~U(0,0)
50-50 50 ~ U(=50,50)
50-25 50 ~ U(~25,25)
50-10 50 ~ U(~10,10)
50-00 50 ~ U(0,0)

however, the curtailed uncertainty decreases the relative uncertainty of the characteristic

times.

We note that the uncertainty of the confinement time of K'° increases across the board
even though the uncertainty is decreased. Although the solution sets become narrower, they
still cover a large swathe of the (E.), n. space, which permits the broad distribution of 7.
That is, the remaining solutions in the solution set contain a great range of postdictions
for 77. In appendix B a further constraint on n. and (E.) is shown to lead to the desired
improved precision also for K}**. Furthermore, we cannot rule out the low beam current of

K'°* from contributing to the seemingly counter-intuitive increase of the uncertainty.
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IV. DISCUSSION

A. EED effects

The effect of the double MB distribution on the confinement time results is a consequence
of the constant contribution from the hot electron population to the rate coefficients. Due
to the presumed hot electron population, the high charge states’ rate coefficient is many
orders of magnitude greater than that computed using a single MB or kappa distribution,
and the penalty function minimum is obtained at a lower n,., which cuts off the high density
region from the solution sets. Consequently, only a subset of characteristic time solutions is
found using the double MB distribution as compared to the standard MB distribution (see
Fig. 4).

The effect of varying s can also be seen in Fig. 4. Decreasing x causes the distribution
to deviate more from the standard MB EED, and to increase the relative weight of the high
energy tail. Here, the differences at low energy are relatively lesser than in the case of a
double MB EED, and larger differences are seen at high (E.). The resultant characteristic

times are not affected significantly by the variation of .

TABLE IV: The characteristic times of K8 and the corresponding relative uncertainties
for different selections of A and B,. The uncurtailed set corresponds to full uncertainty
range of Ufl’fqﬂ and the sets 100-50, 100-25, 100-10, 100-00 to those tabulated in Table III.
The relative uncertainties are computed from the absolute upper and lower uncertainty

limits (4 and 4, resp.) according to & = (8 + &) /7 for cach 7.

Set 79 (ms) 5 (%) 7 (ms) § (%) 7 (ms) 0 (%)

Uncurtailed 14.4721 200 21703 33 4.5719 120

100-50 13.37323 360 2.2702 34 464§ 110

100-25 10.4735%9 130 21703 28 5.8134 100

100-10 91773 100 2.0503 16 6.551% 40

100-00 8.7403 80 2,073 14 6.7+03 6
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B. Curtailed uncertainty

It was observed that artificially reducing the uncertainty associated with the experimental

inz

values of o, 4

yields — in general — an improvement in the precision of the CT method
results. The ((E.), n.) solution sets become narrower, although they still trace a long path in
the ({(E.), n.)-space, i.e. we find a broad distribution of ({E.), n.) pairs which are consistent
with the measured transient time series. We also obtain a concomitant improvement in
the precision of the characteristic times, and the confinement and charge exchange times
benefit the most, as is evident from Table IV. The uncertainty which remains after setting
B, ~ U(0,0)% can be further reduced by a prior measurement of (E.) and n., as indicated
by the case study in Appendix B. These findings motivate a revisit of the electron impact
ionization cross sections to improve their precision, and performing a measurement of (E,)

and/or n, in conjunction with the CT method experiments.

The most straightforward method for the determination of the electron density is probably
through the combined bremsstrahlung emission and beam current spectroscopy -method
expounded in Ref.!'®. Tt requires, however, the EED to be known/presumed beforehand, as
well as knowledge of the ion confinement times. In Ref.!® the confinement times are assumed
to be weakly dependent on ¢ based on findings in Ref.>*. The 79 found through the CT
method imply, that such an assumption underestimates the density of the high charge state
ions, causing n. to be overestimated. Such an estimate could, however, be used as an upper
limit for n.. The bremsstrahlung detector should also be chosen so that the measurement is

sensitive to the electron population with energy < 1 keV, as the warm electron population

is dominant in determining <crv);“iq +1- Altogether, we identify simultaneous measurement
of the bremsstrahlung emission (spectral temperature) and application of the CT method
as the most straightforward method for reducing the uncertainty bounds of the obtained

plasma parameters.

In Ref.? we showed that multi-species 1+ injection can also be used to reduce the uncer-
tainty of the results. We used a composite Na/K pellet at the 14 ion source which produced
Na® and K% ions via thermal emission, enabling us to switch between the two ion species
without switching off the ECRIS, and hence to probe the same support plasma conditions
with both 1+ ions. The high charge states of the two ions can be argued to originate from

the same plasma volume, and an overlap of the respective solution sets is justified. Tak-
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ing the overlap reduces the (F.),n. space, leading to a reduction in the characteristic time

uncertainties as well. For example, the uncertainties of 7%, 727 and 72 for potassium
were reduced by 40, 11, and 62 percentage points, respectively. This implies that better
knowledge of the ionisation cross section uncertainties could be expected to yield a more
significant improvement. Despite the usefulness of the overlap method it carries the weight
of the additional assumption regarding the volume of origin of the ion populations, and only

the high charge states benefit from it.

C. Conclusion

The effect of the EED on the CT method results can be summarized to arise from the
inz

. o g
gqt1 1t causes. The deviations in 79, 7

inz’

modification of the (ov) and 7% due to the
variation of the EED are well within the uncertainty bounds, but we expect that an increase
in the precision of ¢, ., would show that the characterization of the EED is important in
particular for determining 77 of highly charged ions.

To determine the uncertainty originating from the EED in any real experimental setting,
the experimenter should characterize the uncertainty related to their knowledge of the EED,
and test the effect on the results by varying the shape of the EED within the limits of that
uncertainty (e.g. the fraction of electrons in the hot/warm population of a double MB
distribution, or the precise value of £ of a kappa distribution). The LEED measurement
offers a route for the above, but the confined plasma EED may be different from the escaping
one, as discussed in Ref.!>.

To our knowledge, the CT method is unique among ECRIS related plasma diagnostics,
in that it accounts for the uncertainty of the electron-impact ionization cross section. The
results in this work indicate that 5a;‘ﬁq 1 has a significant effect on the CT method results’
precision, and there is no reason to believe that other research where the ionization cross
sections are employed would not be likewise affected. Its effects should thus be considered
for example in simulations of the temporal evolution of the CSD in an ECRIS plasma (e.g.
Refs.1%12) and k-ov measurements (e.g. Ref.#?). Such research would hence benefit greatly
from a revisit of the cross sections — either through theoretical approaches or experimental

measurement. We emphasize that the conclusion about the necessity of improved cross

section data of high charge state electron impact ionization is not specific to potassium but
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would likewise reduce the uncertainty bounds for all 1+ probe beams (elements).
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Appendix A: Penalty function upper limit variation and number of solutions

with curtailed cross sections

The number of solutions in a given data set is plotted as a function of the upper limit of
the penalty function of Eq. 10, F, in Figure 9. The value F' < 1076 ensures that sufficient
statistics are obtained for each solution set, while at the same time eliminating sources of
crude error. The figure shows the number of solutions only for Maxwellian EED as similar

behavior was found regardless of the assumed EED, i.e. F < 107® was deemed appropriate
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in each case. Figure 10 shows the solution set of K'% for using different upper limits of
F. It can be seen that requiring smaller values of F' rarefies the solution set uniformly in

((E.) ,n.)-space, i.e. valid results are found throughout the optimisation bounds.

In addition to the penalty function value, the number of solutions in ((E,) ,n.)-space
is affected by the the choice of the offset A and random bias B, used in the analysis. As
an example, Table VI lists the number of solutions for K (assuming Maxwellian EED),
i.e. the case presented in Fig. 7, when A and B, are varied. We observe that (i) the
number of solutions decreases as A is decreased keeping B, constant, and (ii) the number
of solutions increases as B, is decreased keeping A constant. We associate (i) to the shift
of the solutions in the ((E,.),n.)-space, in particular fewer solutions are found at high n,
when A is decreased. There is no apparent reason for (ii) other than the decrease in the

number of "pathological’” (unphysical) solutions outside the allowed ((E.) , n.)-domain with
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a function of the upper limit of the penalty function. The plot corresponds to data from

the data set using a single Maxwell-Boltzmann EED.
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FIG. 10: The effect of varying the upper limit of the penalty function value on the solution

set obtained for K'°F.

decreasing B,. Altogether the number of solutions is always significant (9000-19000 for K3+,

even higher for other charge states), which guarantees statistical significance of the analysis.
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TABLE VI: The number of ((E.), n.)-solutions for K®" for various A and B, with

Maxwellian EED. The corresponding solution spaces are illustrated in Fig. 7(a)-(i)

A-B, Number of solutions Figure
50-50 9420 7(a)
50-25 11933 7(b)
50-00 14358 7(c)
100-50 14293 7(d)
100-25 16832 7(e)
100-00 17574 7(f)
150-50 15543 7(g)
150-25 18344 7(h)
150-00 18758 7(1)

Appendix B: Curtailing the solution set range

It was found that the curtailment of the ionization cross section uncertainty led to a
broadening of the error estimate for the confinement time of K'®*. Therefore, in addition
to the artificial curtailment of the cross section uncertainty, we performed a case study on
K'* where we imposed further (arbitrary) limitations also on the (E,) and n, values. This
was done in the post-processing phase on the solution sets obtained for both an uncurtailed
analysis using the standard MB EED, and the set 100-00 (A = 100% and B, ~ U(0,0) %, i.e.
inz

presumed perfect knowledge of the o34 .,

). This extra analysis simulates the hypothetical
effect of having a more precise knowledge of the plasma conditions prior to applying the
CT method. The limitation on the (E.) and n. values was applied as shown in Fig. 11.
We select solutions from a region in ((E.),n.)-space so that (F.) € [1,2] keV, and n, €
[1,2] x 10! em~3 — plotted in the figure in cyan. Table VII tabulates the results. It can be

seen that decreasing 602‘1‘,,} 41 and applying the further constraint on the density and average

energy yields a considerable decrease in the uncertainty of 79, which goes from the 117%

of the standard, non-limited MB set, to the 30% for the limited set 100-00. On the other

inz

Whge1 O the (E), ne values does not appear to be as

hand, merely limiting either the do,

effective in the case of K'°F. The 72

inz

and 7, also benefit from the additional limitation on
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FIG. 11: The solution sets for K1°* using a Maxwell-Boltzmann EED with the default
uncertainty ranges (a) and using arbitrarily curtailed uncertainty (from Set 100-00) (b).

The region n, € [1,2] x 10" em™ and (E.) € [1,2] keV is highlighted in cyan.

TABLE VII: The characteristic time results for K!** using a Maxwell-Boltzmann EED
without curtailing the cross section uncertainty (MB); with cross section uncertainty
curtailed to A = 100% and B, ~ U(0,0) (Set 100-00); and with their ranges limited to
(E.) €[1,2] keV, n, € [1,2] x 10! cm™ (limited MB and limited Set 100-00, respectively).
The relative uncertainties are computed from the absolute upper and lower uncertainty

limits (3 and 4, resp.) according to § = (6 + 8)/7 for each 7.

Set 79 (ms) 5 (%) 7, (ms) 5 (%) 7 (ms) 5 (%)
MB 23120 117 1013 40 131! 123
100-00 37+ 135 975 78 1172 36
Limited MB 36731 116 1212 33 9+2 44
Limited 100-00 4678 30 11+ 18 871 25

the solution set ranges.

Appendix C: The effect of the 1+ pulse length

The reliability of the characteristic times obtained with the CT method is subject to

uncertainties other than the intrinsic ones discussed in detail in this paper. In particular,
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FIG. 12: Confinement times, ionization times and charge exchange times of potassium

charge states from 5+ to 104 with varied pulse length of the injected 1+ beam.

the potential perturbation caused by the 14 injection is a relevant concern. The level of the
charge breeder plasma perturbation is proportional to the number of injected particles, i.e.
the 14+ beam current (see Ref.!) and the length of the 1+ beam pulse. The pulse length
is more relevant for the CT method as it profoundly affects the shape of the high charge

29



Publishing

AIP

\

state beam current transients and, thus, the resulting fitting parameters a4, b, and cg. The
usable pulse length is limited by two factors: (a) the 14+ pulse needs to be long enough
to ensure the intensities of the highest charge state ions (K'°* in our case) are sufficiently
above the noise level of the measurement, and (b) the 1+ pulse needs to be shorter than the
saturation time of the high charge state ion signals (often referred to as the breeding time)
to preserve the transient nature of the measurement and to avoid excessive perturbation of
the charge breeder plasma. These two conditions render the 14+ beam pulse duration, ;4
to be in the range of 5 ms < 1, < 100 ms as found through a series of experiments. In
this range the 1+ beam pulse length does not affect the results, namely the characteristic
times, obtained with the CT method, i.e. the characteristic times computed from the data
at different 1+ pulse lengths are within the uncertainty resulting from the cross section data.
This is demonstrated in Fig. 12 where the confinement, ionization and charge exchange times
of potassium (charge states 5+ to 10+) are plotted at 5 different 1+ beam pulse lengths
ranging from 5 ms to 80 ms. It is evident that the results are within the uncertainty bounds
with a single exception of the ionization time of K'°* at 40 ms 14 pulse length, which we
attribute to experimental error. Here we note that the data with varying 1+ pulse length
was recorded at a different time from the data discussed in the main text of this paper
and hydrogen (Hz) was used as a buffer gas instead of helium. The choice of the buffer
gas does not change the conclusion that within the above limits of the 1+ pulse length the
uncertainties related to the EED and ionization cross section are greater than those arising

from the experiment itself.
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The consecutive transients (CT) method is a diagnostics approach combining experimental and
computational techniques to probe the plasma parameters of Charge Breeder Electron Cyclotron
Resonance Ion Sources (CB-ECRIS). The method is based on short pulse injection of singly charged
ions into the charge breeder plasma, and the measurement of the resulting transients of the charge
bred multiply charged ions. Estimates for plasma density, average electron energy and characteristic
times of ion confinement, electron impact ionization and charge exchange are then computationally
derived from the experimental data. Here the CT method is applied for parametric studies of CB-
ECRIS plasma. Potassium ions were charge bred with hydrogen support plasma, and the effects of
varied microwave power, neutral gas pressure and magnetic field strength on the plasma parameters
and charge breeding efficiency are presented. It is shown that the method is sufficiently sensitive
to provide relevant information on changing plasma conditions with the control parameters. The
neutral gas pressure had the strongest impact on the plasma parameters, and the results agree
with trends obtained by using other diagnostic methods, e.g. the increase of plasma density with
increased neutral gas pressure. Furthermore, the method can provide information inaccessible with
other methods, such as the characteristic times of ion confinement, ionization and charge exchange
— and the hierarchy between them. The results show that the peak charge breeding efficiency is
obtained for the highest ion charge state for which the ionization time remains shorter than the
charge exchange and the ion confinement times.

I. INTRODUCTION

Charge Breeder Electron Cyclotron Resonance Ion
Sources (CB-ECRIS) are used in Isotope Separation On-
Line (ISOL) -facilities for post-acceleration of radioactive
nuclei [1, 2]. The charge breeding process involves decel-
eration and capture of the incident 14+ ion beam, step-
wise electron impact ionization to high charge state in the
magnetically confined minimum-B ECRIS plasma, and
extraction of the charge bred ions together with buffer
(or support) gas ions. Optimising the charge breeding
efficiency and time benefits from dedicated plasma diag-
nostics for the CB-ECRIS plasma parameters affecting
these steps.

ECRIS plasmas are unique in many aspects. The
electron energy distribution (EED) is strongly non-
Maxwellian (see e.g. Ref. [3]) owing to the efficient energy
transfer from the microwave electric field to the electrons
on a closed magnetic isosurface where the relativistic res-
onance condition wrr = wee = eB/ym, is met. The
resulting electron energies range from a few eV to sev-
eral hundred keV with the high energy electrons being
strongly confined magnetically. The high charge state

* julien.angot@Ipsc.in2p3.fr

ions remain relatively cold, i.e. 5—30eV as indicated by
the Doppler broadening of their emission lines [4], and are
confined electrostatically in a local potential minimum
caused by the accumulation of hot electrons in the centre
of the trap [5, 6]. In fact, simulations [7, 32] allude the
presence of two (small) potential dips, along the plasma
chamber axis, at the mirror points for hot electrons near
the ECR-zone. Non-invasive diagnostics methods applied
for studying minimum-B ECRIS plasmas (not necessar-
ily charge breeders) include, bremsstrahlung and x-ray
diagnostics, microwave interferometry, plasma diamag-
netism measurement, optical emission spectroscopy, mea-
surement of the plasma potential, detection of kinetic in-
stabilities, and escaping electron spectroscopy [9-17].

The consecutive Transient (CT) method [18, 19] is a re-
cently developed method combining computational tech-
niques and experiments for probing the plasma density
Ne, (warm) electron average energy (E.), and character-
istic times of ion confinement 7cont, charge exchange 7eex
and electron impact ionization 7., in CB-ECRIS plas-
mas. The CT method is based on short pulse 14 injection
into the ECRIS plasma and the analysis of the resulting
N+ ion beam transients extracted from the ECRIS. As
such, the CT method has both benefits and drawbacks.
The positives are: the method can be considered non-
invasive, the magnitude of the perturbation it causes can



be controlled by adjusting the injected 14+ pulse width
and intensity, and the equipment required for the 1+ in-
jection and pulsing as well as N+ current measurement is
readily available in all CB-ECRIS facilities. The down-
sides of the method are: limited combinations of 1+ ions
and plasma species (clean charge state distribution spec-
trum with minimum of 5 consecutive charge states with-
out m/g-overlap is necessary for the method), the com-
plexity of data analysis, and the large uncertainties of
the characteristic times due to the lack of accurate cross
section data for high charge state ionisation. As such,
the method either complements existing CB-ECRIS di-
agnostics while requiring fewer assumptions, or provides
information inaccessible through other techniques. For
example, it has been shown with the CT method that the
ion confinement time is not a linear function but rather
increases exponentially with the charge state [18, 19],
which is commensurate with electrostatic ion confine-
ment in a local potential dip [5, 6]. It has been shown
that the inherent uncertainties of the CT method can
be reduced e.g. by two-component injection or overlap-
ping the ((E.),n.) solution sets of neighbouring charge
states albeit with the caveat of additional assumption
[20]. Furthermore, it has been demonstrated that the
main contributor to the large relative uncertainty of the
CT method is the lack of precise ionization cross section
data whereas the presumed EED has a smaller effect [21].

In this paper we apply the CT method for parametric
studies of the CB-ECRIS plasma. We do not detail the
method itself but rather refer the reader to the literature
[18-21] for a comprehensive account of the assumptions,
computational details and data analysis.

In the following sections we describe the experimental
setup, and present the measured plasma energy content
and characteristic times along with the charge breeding
efficiency of potassium as a function of the CB-ECRIS
microwave power, neutral (hydrogen) pressure and mag-
netic field strength. These sweeps are carried out to
demonstrate that the CT method is sensitive enough to
pick up trends in the above plasma parameters (observ-
ables) responding to the change of the control parame-
ters. The results of the CT method are placed in context
comparing them to the outcomes of other ECRIS plasma
diagnostics.

II. EXPERIMENTAL SETUP AND
PROCEDURE

The experiments were carried out on the LPSC
14+—N+ test bench, shown in Fig. 1, dedicated for the
development of the PHOENIX CB-ECRIS [22] — in par-
ticular measurements of the charge breeding efficiency,
charge breeding time and m/g-contamination.

Delivering on this remit requires generating a stable
14+ beam with fine tuning of the ion injection energy, a
good base vacuum on the order of 1078 mbar or better,
the hardware for pulsing of the 1+ beam and beam di-

agnostics. Hence, the 1+ beam line is equipped with a
surface ionisation source producing alkali metal beams,
a dipole magnet for mass separation, a Faraday cup to
measure the beam intensity, beam optics and deflecting
plates for 14 injection optimisation and pulsing. The 1+
source potential is typically set to HV=20kV. The CB-
ECRIS plasma chamber is then biased to HV-AV with a
negative supply floating at the 1+ source potential. This
configuration allows fine-tuning the 1+ ion energy, which
is essential for the 1+ beam capture by the CB plasma
through electrostatic deceleration by the charge breeder
and its plasma potential, and subsequent thermalization
of the injected ions in ion-ion collisions with the buffer
gas ions. The beams extracted from the charge breeder
are analysed in the N+ beam line with a mass spectrom-
eter and diagnostics including a Faraday cup for beam
intensity measurement.

The current incarnation of the LPSC charge breeder is
a 14.5 GHz minimum-B ECR ion source equipped with
three coils to create the axial magnetic profile with two
magnetic mirrors at the injection and extraction, re-
spectively [23]. Typical operational values of the injec-
tion, minimum-B and extraction axial magnetic fields are
Binj = 1.6 T, Bpin =~ 04T, and Bex ~ 0.8T. A per-
manent magnet sextupole surrounding the plasma cham-
ber creates the radial magnetic mirror of 0.8 T at the
plasma chamber wall, in front of the pole (the total ra-
dial field then being affected by the radial component of
the solenoid field). A 2kW klystron microwave amplifier
for plasma (electron) heating is connected to the plasma
chamber through a direct waveguide port. The vacuum
pumping system assures a base pressure of approximately
3 x 108 mbar at the source injection.

Here we apply the CT method to observe the influ-
ence of different charge breeder tuning parameters on the
plasma characteristics i.e. n., (E.) and 7Tconf, Teex and
Tion Of potassium (3°K) ions. We chose K as the injected
element because it is an alkali element, thus minimis-
ing the wall recycling, with several (consecutive) charge
states from K+ to K12+ found in the m/q spectrum with-
out overlap with the support or residual gas ions. Hy-
drogen was chosen as plasma support gas to obtain high
charge breeding efficiencies of high charge state K ions.
The ion source control parameters varied systematically
in this study were: (i) the microwave power as it pre-
sumably influences the EED and plasma density (see e.g.
Refs. [11, 24, 25]), (ii) the support gas feed rate (pressure)
which acts on the neutral and electron densities (see e.g.
Refs. [24, 26]), (iii) the magnetic field minimum B,,;, as
it affects the tail of the EED and the occurrence of ki-
netic plasma instabilities [27-29], and (iv) the extraction
magnetic field Bext, which allegedly affects the trapping
of the hot electrons and the global plasma confinement
[30]. For each parameter sweep, a 500 —900nA K+ beam
was produced with the 14+ ion source. The beam line
optics and the CB parameters were optimized for the
charge breeding of K* resulting in 19-20% efficiency at
best. The 1+ pulsing was then used to generate 10 ms
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bunches of injected ions at 1Hz repetition rate allowing
the ion current transients to decay before the onset of
the subsequent 1+ pulse. The multi-charged K beam
intensity responses (transients) were measured from the
Faraday cup of the N+ beam line averaging over 64 wave-
forms for each charge state to improve the signal-to-noise
ratio of the measurement. The microwave power and gas
feed rate studies were carried out in the control parame-
ter ranges yielding a stable CB regime i.e. the magnetic
field was chosen accordingly to avoid kinetic instabilities.
Only one CB-ECRIS control parameter was varied dur-
ing each sweep. The B, and Beyy values corresponding
to certain combinations of coil currents were simulated
with Radia3D [31]. The coil currents were then adjusted
so that in each sweep only either By, or Beys varied
while other field values remained constant. The parame-
ter settings for each sweep are given in Section III along
with the data plots. For each setting, the AV value was
adjusted to optimize the Kt breeding efficiency.

III. RESULTS

In the following subsections we present the results of
the CB-ECRIS parameter sweeps. We first describe the
KT — K"* charge breeding efficiencies as a function of
each parameter. The ((E.), n.) solution sets derived from
the transients of each ion charge state are used for calcu-
lating the plasma energy content n. (E.), which is then
presented along with the characteristic times.

For clarity, we present two examples of the ((E.),n.)
solution sets for K!°* in Figs. 2(a) and 2(b) highlight-
ing the change of the calculated plasma energy content
from 3.5 x 10*eV /em?® to 6.9 x 10'*eV /ecm? with the no-
table shift of the ((F,) , n.) solution space towards higher
plasma density. The energy content value is taken as the
median value of the product of the ((E.),n.) solutions
from the CT-method. These examples were measured as
a part of the gas pressure sweep discussed later. The
ne and (E,) values were restricted to 10 em™3 < n, <
2.6 x 1012cm =3 and 10eV < E. < 10keV. These limits
are based on experimental evidence and simulations of
the electron density, and electron energy as explained in
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2.3 x 107" mbar in (b). The energy content increases due
to increased median plasma density from 3.8 x 10 cm™ to
1.5 x 10" em™2.

Ref. [18] and references therein.

The plasma energy contents and characteristic times
are presented in Sections IITA - IIID without the es-
timated uncertainties for the sake of illustration clar-
ity. The uncertainties are discussed separately in Section
ITIE.

A. Microwave power

The charge breeding efficiencies of K*+-K'2* as a func-
tion of the microwave power are shown in Fig. 3. In-
creasing the power increases the average charge state of
K ions, which causes the breeding efficiency of K?T-K!1+
to improve significantly with this control parameter. In
contrast, the efficiency of charge states <K% exhibit a
maximum efficiency at 350 W and then a decrease as the
power is ramped up. Two sweeps were made to ensure
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FIG. 3. The charge breeding efficiency of K** - KT as a
function of the microwave power.

the reproducibility of the observed trends but are only
shown for the plasma energy content plots. The increase
of the high charge state breeding efficiency with the mi-
crowave power was observed in both microwave power
sweeps. The other source settings in these sweeps were as
follows: neutral gas pressure 1.2 x 1077 —1.3x 107 mbar,
Binj 1.57—1.58 T, Bpin 0.44 —0.45T and Beyx 0.84T.

Figure 4 shows the (median) energy content as a func-
tion of the microwave power for potassium charge states
from K8t to K% in the two microwave power sweeps.
Three observations can be made; (i) the calculated en-
ergy content depends on the charge state, which is at-
tributed to the highest charge states originating from the
core of the plasma where the plasma density and electron
energies can be argued to be higher, (ii) the trend of
the plasma energy content is to increase with microwave
power by 20-40% (ignoring a single outlier data point for
K!9* at 350 W), and (iii) the trend of the energy con-
tent was found to be similar for both microwave power
sweeps.

Figure 5 shows Tconf, Tcex and Tion for charge states
K6+_-K'0+ as a function of the microwave power. The
confinement time of the high charge states K8+-K0* is
longer than the confinement time of the charge states
K6+-K7, which is commensurate with the spatial dis-
tribution of the ions found in simulations and experi-
ments [32-34] suggesting that the highest charge states
are highly collisional and electrostatically confined (as
opposed to magnetically confined electrons). The trend
of Teont with the microwave power is to decrease for charge
states K6T-K"* and to increase for charge states K3*-
K!0t. Admittedly there are data points deviating from
the trend, and altogether the variation of 7Teons is not
drastic. Nevertheless, we draw the attention to the fact
that the confinement time of the highest charge states,
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FIG. 4. The (local) plasma energy content of K8 K° and
K'F as a function of the microwave power. The solid and
dashed lines represent two different power sweeps.

i,e. K8 -K'10F are always longer than their ionization
times. Furthermore, in the case of K%t the notable in-
crease of Teons at high microwave power is correlated with
significant increase of the corresponding charge breeding
efficiency. The charge exchange time is found longest for
the high charge state ions and the trend of 7eey is to de-
crease with the microwave power, but again, the changes
are very small. Finally, 7o, does not exhibit a clear trend
with the microwave power, but is shorter for the lower
charge states than for the higher ones. This is probably
due to very low neutral gas density in the core plasma
(potential dip) where the highest charge states reside as
discussed in Ref. [32]. The ionization rate coefficient first
increases and then typically plateaus towards high (E.)
(e.g. > 1000eV for K&1), so improved electron heating is
not expected to affect 7., by much assuming sufficiently
high (E.) as indicated by the solution sets. Generally
speaking, high charge state production requires 7oy to
be shorter than 7.ey, which is the case found through-
out the power sweep for most of the charge states, es-
pecially those below the K°T peak charge state of the
CB-efficiency. Finally, we note that the continuous in-
crease of the K%t efficiency with the microwave power is
accompanied with a decrease of Tion of K6/t and an
increase of Tcons Of the higher charge state ions. This
highlights the importance of the hierarchy of the charac-
teristic times in regards to the optimum charge state for
the highest CB efficiency.

B. Neutral gas pressure

The effect of the neutral Hy pressure (gas feed rate)
on the charge breeding efficiency and plasma parame-

ters was studied through two sweeps with otherwise al-
most identical configuration, i.e. 530 —560 W microwave
power, 1.57T Bi,j, 0.44 —0.45T Bpin and 0.83-0.84T
Bext- Fig. 6 shows the charge breeding efficiencies of
K*+t-K'2t for one of the sweeps. The behaviour is rather
complex but can be summarized as follows; the higher the
charge state, the lower the optimum pressure for max-
imising the charge breeding efficiency.

The effect of the Hy neutral pressure on the plasma
energy content is shown in Fig. 7 for potassium charge
states from K8+ to K19F. Here the results of both sweeps
are displayed (either solid or dashed lines). It is seen that
the trend of the plasma energy content is to increase with
the gas pressure (with the exception of the highest pres-
sure), which is attributed to higher plasma density as
indicated by the histograms of the solution sets shown as
projections to the axes in Fig. 2. The finding is commen-
surate with diamagnetic loop experiments reporting the
plasma energy content to increase with the neutral gas
pressure (saturating at high pressures) [11]. Figure 7 also
shows the evolution of the AV-value. The AV appears to
follow the same trend as the energy content. This is con-
sistent as the optimum energy (tuned with AV) for 1+
beam capture relies on the plasma potential [35], which
presumably depends on the low energy electron density
as implied by the data in Ref. [14].

Figure 8 shows 7¢onf, Teex and o, for charge states
K6+-K'0+ as a function of the Hy neutral gas pressure.
All these characteristic times tend to decrease with the
neutral (buffer) gas pressure, with only the ionisation
time of K'%F breaking the trend. We note that obvious
outlier points, e.g. >1s Teex for K8t arising from poor
fits to experimental transient data are not shown in the
figure, which explains 'missing data points’ at low pres-
sure.

C. Magnetic field minimum, Bmin

The charge breeding efficiencies of K4T-K12+ at differ-
ent B, are shown in Fig. 9. The other source param-
eters, i.e. magnetic field maxima, microwave power and
Hy gas pressure were kept constant at Binj of 1.51 T, Bex¢
of 0.82T, 530 W and 1.1 x 10~7 mbar, respectively. The
CB efficiency of charge states <K't decreases, and the
efficiency of charge states >K8* increases with increasing
Bmin«

The plasma energy content at three different B, set-
tings is presented for K8 -K!%* in Fig. 10. The highest
energy content is systematically found at the strongest
Bmin~

The characteristic times Tconf, Tecex and Tion for charge
states KO+-K19+ are shown in Fig. 11 as a function of
Bumin. There are no systematic trends except the con-
finement time of the highest K'°F charge state approx-
imately doubling from the weakest to strongest Bpin
value, which together with the enhanced CB efficiency
of even higher charge states implies improved (electro-
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static) ion confinement.

D. Extraction mirror magnetic field, Bext

The effect of the extraction mirror field Bey, on the
charge breeding efficiencies of K4t-K!2¥ is illustrated in
Fig. 12. Here the other source parameters were as fol-
lows: Biyj of 1.58T, By, of 0.45T, 530 W microwave
power and 1.4 x 10~ mbar H, pressure. The CB effi-
ciency of high charge state ions, i.e. K°t and higher,
exhibits a clear optimum at 0.83 —0.84 T while the ef-
ficiency of lower charge states decreases monotonically
with increasing Beys.
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FIG. 7. The (local) plasma energy content of K3 K%

and K'°F together with the optimum AV value as a function
of the Hy (buffer) gas pressure. The solid and dashed lines
represent two different pressure sweeps.

Figure 13 shows the plasma energy content (for K8+-
K10%) as a function of Beygs. The extraction field has very
little effect on the energy content, i.e. there is no trend
observed with this parameter.

The characteristic times Teonf, Tcex and Tion Of charge
states K61-K10t measured with different Byt are shown
in Fig. 14. There are no clear trends, which is in line with
Bext having little effect on the CB efficiency compared to
e.g. the neutral gas pressure. Nevertheless, we note that
the efficiency increase of the optimum charge state K°F
at Bext between 0.822T and 0.852T corresponds to an
increase of the confinement time.
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E. On the uncertainty of 7conf, Tcex and Tion

As stated earlier, the most prominent downside of us-
ing the CT method for estimating the characteristic times
Teonfs Teex and Tion of the high charge state ions is the
large uncertainty. Typical uncertainties of high charge
state potassium confinement and charge exchange times
are 100-200% while the ionization times can be estimated
more accurately, i.e. with 40-70% relative uncertainty
[18-21], which raises the concern that the CT method
might not be able to detect small variations of the plasma
parameters. Thus, the statistical relevance of the mea-
surement results presented above could be questioned.
However, it has been shown in Ref. [21] that the large un-
certainties are inherited from the ionization cross section

lel4
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FIG. 10.
and K0t

The (local) plasma energy content of K8%, K°F
as a function of Buin.

data [36]. This allows us to argue that the CT method
can reveal trends of the characteristic times as a function
of a control parameter, such as microwave power, gas
pressure and magnetic field strength, although the abso-
lute values of the times are subject to systematic errors
of the cross section data. In other words, the conclusions
based on the trends of the characteristic time median val-
ues displayed in Figs. 5, 8, 11 and 14 are not affected by
the uncertainties of the individual data points. Hence,
the data are presented without the corresponding uncer-
tainties for the clarity of the illustration.
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IV. CONCLUSIONS AND DISCUSSION

It was found that the charge breeding efficiency of high
charge state K ions and the plasma energy content in the
core of the ECR discharge increases with the microwave
power. Closer inspection of the solution set histograms
reveals that this is most likely due to increase of the me-
dian (E,.) rather than n. as illustrated in Fig. 15 showing
the ((E.) , ) solution sets for K!°* at microwave powers
of 150 W (a) and 600 W (b) as a representative example.
This interpretation is commensurate with the shift of the
charge state distribution (charge breeding efficiency vs.
charge state) as the peak of the ionisation cross section
is at higher energy for the high charge ions. The in-
crease of the plasma energy content with the microwave

power has been observed earlier with diamagnetic loop
diagnostic [11]. No sound conclusions can be made from
the characteristic times as a function of the microwave
power.

Neutral gas pressure was found to be the control pa-
rameter producing the clearest trends of the plasma en-
ergy content and characteristic times. The increase of the
plasma energy content with the neutral gas pressure is at-
tributed to the increase of the plasma density rather than
the average energy of the warm electrons (see Fig. 2).
Similar conclusion, i.e. increase of n, with the neutral
gas pressure, has been drawn when probing ECRIS plas-
mas with diamagnetic loop [11], K-alpha x-ray emission
[24] or 1+ in-flight ionisation in a charge breeder [34].
The behavior of the charge breeding efficiency with the
buffer gas pressure can be explained as follows: as the
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FIG. 15. The ({E.),n.) solution sets for K'** and the corre-
sponding plasma energy contents. The microwave power was
increased from 150 W in (a) to 600 W in (b). The energy con-
tent increases due to increase in the median electron energy
from 1.0keV to 1.5keV.

neutral gas feed rate is increased, the enhanced charge
exchange rate limits the high charge state ion production
whereas ions with low or medium charge state first ben-
efit from the increased plasma density (electron impact
ionisation rate) and only at very high neutral gas pressure
their production is limited by the charge exchange. This
interpretation is supported by the fact that the charge ex-
change times have a decreasing trend with the pressure.
It is worth noting that the ionisation time of the highest
charge states is shorter than their charge exchange time
only at the lowest pressure, which matches the observed
trend of the charge breeding efficiency. The decrease of
the confinement time with the pressure is attributed to
higher plasma density, which increases the electron flux
and ambipolar plasma potential (see e.g. [14]), thus re-
ducing the average ion confinement time as the fluxes of
negative and positive charge carriers are equal in equi-
librium condition (i.e. n./7e = Ygn!/(r .) where ¢
refers to the charge state of the ion). The decrease of
the charge exchange and ionisation times with the neu-
tral gas pressure are presumably due to increased neutral
and plasma (electron) densities affecting the charge ex-
change and electron impact ionisation rates 1n,n; (Teexvi)
and nen; (Gionve), respectively.

Examining the solution sets obtained in the extremes
of the minimum-B magnetic field sweep reveals that the
small increase of the plasma energy content with B, is
most likely due to increasing (E.) rather than n. as illus-
trated in Fig. 16 showing the ((E.),n.) solution sets for
K'%* at B, of 0.37T (a) and 0.40T (b). This is con-
sistent with By, being the most influential parameter
affecting the plasma bremsstrahlung spectral tempera-
ture [37] and the occurrence of kinetic instabilities [29]
driven by the anisotropy of the hot electron component
[38]. Finally, Byt sweep yielded very similar solution sets
(not shown for brevity) and median n. and (E.) -values
regardless of the absolute strength of the extraction mir-
ror field, i.e. Beyy appears to have a smaller effect on the
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plasma parameters than By, as discussed in Ref. [30].
Besides the parametric trends of the plasma energy
content and characteristic times we can make some gen-
eral observations. The conditions for producing fully
stripped ions in ECRIS plasma have been postulated
in Ref. [39] presenting the so-called Golovanivsky plot
displaying the required product ne7cont at the optimum
electron temperature T, of a Maxwellian distribution
with kT, = (E.)2/3 to produce various fully stripped
ions. For argon, which is the neighbouring element to
potassium, the triple product n.7eonfle required for fully
stripped ions is approximately 3.2 x 10%eVs/cm?. In

10

this work we have found that the plasma energy con-
tent n (E,) ranges from 0.2 x 10%eV/cm?3 to 1.0 x
10%%eV/cm?® with 10 —15ms confinement times for the
highest charge states of potassium. These values trans-
late to triple product of 0.1-1.0 x 10'3eVs/cm?® suggest-
ing that fully stripped K'°* ions cannot be produced
with the CB-ECRIS, which is commensurate with the
extracted charge state distribution where the maximum
detectable charge state of potassium is K127,

Further to the absolute scale of the triple product
(plasma parameters) we note that the results reveal a
hierarchy of characteristic times relevant for high charge
state ion production. The peak of the charge breeding
efficiency distribution is at K%, which is the highest
charge state for which we find consistently Tion < Teex
and Tion < Teonf- In other words, for charge states
9+ and lower, the ionisation time is shorter than the
charge exchange time or the ion confinement time, which
causes ions to "pile-up” on that charge state making its
charge breeding efficiency the highest. For charge states
above the peak of the breeding efficiency distribution the
time hierarchy appears to convert to Teex < Teont and
Teex < Tion, 1.€. charge exchange limits the production of
very high charge state ions.

Overall, the results discussed here have demonstrated
that despite of the large relative uncertainty (see Ref. [21]
for thorough discussion) the CT method is sensitive
enough to identify trends in the plasma parameters, e.g.
the increase of the plasma density with the neutral gas
pressure. Importantly, these trends are similar to those
inferred from other diagnostics such as diamagnetic loop
experiments and K-alpha emission [11, 24]. The advan-
tage of the CT method over other diagnostics techniques
arises from its simplicity; practically all charge breed-
ers are readily equipped with 14+ beam pulsing and N+
beam current (transient) detection apparatus. The com-
putational analysis tools required to translate the beam
current transients into ({(E.),n.) solution sets and cor-
responding characteristic times, Tconf, Tcex and Tion, are
open source and available through GitHub [40].
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