JYVASKYLAN YLIOPISTO
H UNIVERSITY OF JYVASKYLA

This is a self-archived version of an original article. This version
may differ from the original in pagination and typographic details.

Author(s)* Angot, Julien; Luntinen, Miha; Kalvas, Taneli; Koivisto, Hannu; Kronholm, Risto;
) Maunoury, Laurent; Tarvainen, Olli; Thuillier, Thomas; Toivanen, Ville

Title: Method for estimating charge breeder ECR ion source plasma parameters with short
) pulse 1+ injection of metal ions

Year: 2021

Version: accepted version (Final draft)

Copyright: © 2021 10P Publishing

Rights: ccgy-nc-ND 4.0
Rights url: https://creativecommons.org/licenses/by-nc-nd/4.0/

Please cite the original version:

Angot, J., Luntinen, M., Kalvas, T., Koivisto, H., Kronholm, R., Maunoury, L., Tarvainen, O.,
Thuillier, T., & Toivanen, V. (2021). Method for estimating charge breeder ECR ion source
plasma parameters with short pulse 1+ injection of metal ions. Plasma Sources Science and
Technology, 30(3), Article 035018. https://doi.org/10.1088/1361-6595/abe611



Plasma Sources Science and Technology

ACCEPTED MANUSCRIPT

Method for estimating charge breeder ECR ion source plasma
parameters with short pulse 1+ injection of metal ions

To cite this article before publication: Julien Angot et al 2021 Plasma Sources Sci. Technol. in press https://doi.org/10.1088/1361-6595/abe611

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2021 IOP Publishing Ltd.

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 130.234.243.228 on 15/02/2021 at 06:53



https://doi.org/10.1088/1361-6595/abe611
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1361-6595/abe611

Page 1 of 34

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-104218.R1

Method for estimating charge breeder ECR ion source
plasma parameters with short pulse 1+ injection.of metal
101s

J. Angot"", M. Luntinen®", T. Kalvas®, H. Koivisto* R. Krenholm?, L.
Maunoury?, O. Tarvainen®, T. Thuillier!, and V= Toivanen?

1Univ. Grenoble Alpes, CNRS, Grenoble INP, LPSC-IN2R3, 53 Avenue des
Martyrs, 38000 Grenoble, France
2University of Jyviiskyld, Department of PhysicsgSurvontie9D, 40500 Jyviskyli,
Finland
3STFC ISIS Pulsed Spallation Neutron and Muon Facility, Rutherford Appleton
Laboratory, Harwell /OX11 OQZ(, UK
4Grand Accélérateur National d’Tons Lourds,/Boulevard Henri Becquerel, 14000
Caen, France
fjulien.angot@lpsc.in2p3.fr
“misapema@jyu.fi

December 2020

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 Sourgé (CB-ECRIS) has been developed. The proposed method relies on few
assumptions, and yields local values for the ionisation times 1/n. (ov);“j 4+1- charge exchange
times 1/no (gv) =, “jyfhe ion confinement times 79, as well as estimates for the minimum
plasma energy contents e (F.) and the plasma triple products ne (F.) 7¢. The method is
based on fitting theicurrent balance equation on the extracted beam currents of high charge
state iong; 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 K¢t charge
statesranige from 267 (% ms to 16.473%® ms increasing with the charge state. The ionisation
and charge exchange times for the high charge state ions are 2.679% ms-12.672'5 ms and
37450 ms-357.75555 7 ms, respectively. The plasma energy content is found to be
25713 x 10 eV /cm®.
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1 Introduction

Minimum-B Electron Cyclotron Resonance Ion Sources (ECRIS) [1] are widely 4ised 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 developmenty, 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 elegtron energy distribution
or the plasma electrostatic potential distribution is still imprecise.

In the ECRIS, Highly Charged Ions (HCIs) are created through stépwise electron-impact ioni-
sation, whereas the principal charge decreasing mechanism is due to/chargefexchange 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 escapéiconfinement and become
available for beam formation. The plasma characteristic times»-— the ion confinement time, the
ionisation time and charge exchange time — therefore playran 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 physicalrquantities 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 0D'eode 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 degeribing théwplasma [10], [15], [16].

In this work such transient measurements were conducted using short pulse 1+ injection of
K into a He support plasina ofvaiChéarge 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, eontrary to e.g. sputtering where the yield depends on the energy of
the ions bombarding the samplefand, 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 Aeliumybuffer was used to obtain a clean Charge State Distribution (CSD) with
as few overlapping peaks in the g/m spectrum as possible. In the case of a heavier support gas,
overlapping peaksishould be resolved using a high precision spectrometer or collimation system. A
critical reagson for using"K as the injected species was that the necessary ionisation rate coefficient
data was readily available.

We propese a new OD-approach for analysing the current transients. For this purpose the
balante 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 experimeéntal methods are
described in section[d] As a further improvement to pre-existing 0D-methods, this one ean be applied
without a priori knowledge of input parameters (T,, T}, ne,no,...) 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 approachremployed 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 g, 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 involvecﬂ

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, an] is given by:

dn? inz qg—1 inz q
H =+ <0v>q—1—>q N B <Jv>q—>CI+1 el
+{ov) iogmen™! <{gd) ",y non’ ()
nd
Ve

inz cx

Here the rate coefficients (ov),~, ., andyov),~ =y 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'm.) and chargerexchange 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 defings 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. Thére aré 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

o= [ o (0) of (v) do, @)

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 Acéess to thenuniérical code and the data that support the findings of this study are openly available at the follow-
ing URL/DOL: https://github.com/misapema- jyf1l/popTauPy (code), doii10.6084/m9.figshare.13602827.v1| (data)

2The subscript ¢ specifying the ion species is omitted as the support plasma perturbation is assumed small enough
to_be mnegligible, 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. JE is the ionisation threshold for thefcharge state
q ion, while P, A, X, and K are experimentally determined fitting coefficients. Data correspending
to ionisation from closed electronic shells are highlighted. Data from Ref. |20].

qg OE(eV) P A X K
0+ 4.3 1 2.02B-07 0272 0.31
1+ 316 1 4.01E-08 0371 022
2+ 458 1 1.5E-08 0.433 0.21
3+ 609 1 1.94E-08 0.889 046 -
4+ 827 1 6.95E-09 0.494 0.18
50 994 1 4.11E-09 0.54 &0.17
6+  117.6 1 2.23E-09 0.519 0.16
7+ 1547 1 215E-09 0828 0.14
8+ 1758 0 161E-09 0.642.0.13
9+ 504 1 1.07E-09 £ 0.695. 0.3
10+ 5647 1 3.78E-10. 0.173 0.3
11+ 6294 0 6.24E-10 20.418 (.33
124 7146 1 2.29B-10 20245 0.28
13+ 7866 1 1.86E-10 0344 0.23
14+ 8611 0 269EA0 0396 0.37
15 968 (10.1.06E-1000.912 0.13
164+ 10534 1) 424E-11 0.737 0.16
17+ 46109 0 OL.38EMI 0416 0.34
18+  493%d 1 3.67E-12 0555 0.18

In this work, the ionisatiemrate coefficients of K97 were estimated using the semi-empirical
expression by Voronov [20]:

inz 1 + P- U1/2 _
(00 gorgi1 = X—wUKe Yem?/s, (3)
N
with SE

Here the coefficients ApP, K and X are empirically determined coeflicients from best fits to data,
and JF is the ionisation threshold energy. The coefficients are tabulated in Table [I] according to
Ref. |20]. It should be noted that Equation and the tabulated coeflicients 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.mmathematically 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 ¢eross section for charge exchange between an ion at charge state ¢ and a neutral atom can
be estimated as |4], [22]

I 2
X 0
oitas =t () Zan )
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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 is‘a’ geometrical, cross
section based on the Bohr atomic model.

The ogX,,_; 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 eV {4], [5]).
Therefore, the rate coefficient for charge exchange may be obtained relativelyssimply.as

8T
(OV)g g1 = 0g5q-1 (V) = 0551 rn;-’ (6)

~

q

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 relativesto thedons.
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 “ niq
“ —
T4 T4

11 =kFg(2L)S ) (7)
L

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 79 the confinement time of the population of ions at charge state
q. Equation ([71) has been generalized by introducing the constant factor F'z, which depends on the
extraction mirror ratio of the magnetic confinement structure. Assuming, that x, S and L are the
same for the consecutive charge states.¢ — 1;igrand. g + 1, they can be absorbed into one constant
which disappears upon substitution to therbalance equation. The balance equation becomes in the

extraction current formalism

d inz q Tq_l —1
alq =N <0”U>q_1_>q ﬁTTIq
(e (o) 1+ 0 (000, +1/70) 10 (8)
cxX q Tq+1 +1
+ng (av>q+1_>q r 1 e Jati
By defining:
inz q Tq_l
aq = ne (0v),"_,, -1 (9)
by = <ne <0v>;niq+l + ng <‘7U>Ziq71 + I/Tq) (10)
_ ox q 17!
cqg =10 (V) 114 a1 77 (11)
equation becomes
d _
— 1% =qa 19" — b 17 + ¢, I7. (12)

dt
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Equation may be used to determine the parameters a4, by, and ¢, by fitting to experimentally
measured beam current transients d/9/d¢. This procedure is described in section Because the
fitting procedure is performed on three consecutive charge states at a time (as dpposed to albof 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 4¢he perturbation on
the support plasma caused by the 1+ injection pulse is sufficiently small, formn., T, ng, the ion
temperatures 7! and confinement times 77 to be determined by the support plasma; rendering a,,
by, and ¢4 constant. The validity of this assumption is discussed in section @

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

The definitions @, and hold for all g. From equation we obtain (by choosing
q—q—1)

X q— o7l
Cqg—1 = N <UU>;—>q—1 Tﬁv (13)
which can be rearranged to obtain
ox A Sy
no (00), 01 = T (E (14)
The fraction 797! /7% can be obtained from equation @ as
P N (15)
G q ne <0”U>;nf1%q

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

—1

i AgCq—1

74 = (bq — M (011);qu+1 - qqinz> ) (16)
ne (o), "1,

which is a function of n., 7 and the fitting parameters. From equation (making the substitution
q — g+ 1) one obtains

q a’qﬁl’l — Tq (17)
q+1n, (0v>lqriq+1 Ta+1

The confinement4imesiin Equation can be calculated using Equation (simply substituting
q — g+ 1 to obtain 7¢™). This leads to the following equation for n. and T,:

_ inz _ aq+1Cq
q Og+1 b1 = M (V) gi10042 ~ mouim, (18)
inz - inz agCq—1
g+ Ty (av)qﬁqﬂ by — ne <0’U>qﬁq+1  TlenyE

q—1—q

where the T, dependence resides in the ionisation rate coefficients. Having determined the coeffi-
cients\aq, by, and ¢, from the experimental data it is possible to search for the allowed pairs of the
parameters. e and T, which satisfy Equation . Mathematically the equation of two unknowns

Page 6 of 34



Page 7 of 34

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-104218.R1

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, Te) values in the support plasma, which could account for the measured dy; by, ¢, coefficients.

inz

The ionisation time (1/n. (ov),” . ) can be calculated using the obtained (1.,T,)-pairs and

Equation . One may then also calculate from the definition of the parameter, b,, the
characteristic charge exchange time:

. —1L
1/n (o0) ™,y = (bq —1/n (o0)™ . —1 /Tq) (19)

Note, that formulas , , , and 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 can be used to obtain the coefficients agq, bgycg by fitting to the measurement data,
but due to the noise involved in the current measurement, ealculating the derivative to make the fits
is not practical. We instead used the 4" order Runge-Kirtta méthod to solve for J9(t) the system

1974(t),
J9(t) = 111 {#),—mI?(t) + nIIT(t), (20)
1944(),

where T97! and I9t! are taken from the meastitement, and coefficients I, m,n can be varied. The

residual of the measured current 79(¢), and,J9(¢) is then minimised by the least squares method
where the [,m and n correspofiding to the minimum residue are taken to represent a4, by, and c,.

3.2 Determining the plasma parameters

In order to find the pairs ne,Ienwhich/satisfy the Equation , we defined a penalty function,
namely the deviation of the tw&erms set by Eq.

Fi(n.,T,) =
byt — ne (ov)™ — —fatife
q agi 5 g+1 el >q+1—>q+2 ne{ov)ms / q Agt1 (21)
inz inz AgCq—1 inz
¢+ 1n, <m})q—>q+1 by — e <m}>q—>q-i-1 B W ¢+ 1n, <m}>q—>q+1

q—1—q

which was minimised with the constraints

0<T79,
0 < 7t
0<1/no(ov), 15 (22)

e, low <Mne < Ne,cos
Te,low < Te < Te,high
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where 77 and 797! were calculated using Equation 7 and 1/ng <0v>2’; q—1 Using Equation .
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 bé the cut-off density
which can be calculated from [1]
2
Ne,co = M’ (23)
e

where gg is the vacuum permittivity, m,. is electron mass, e the elementary chargerand f is the
frequency of the inbound microwave. For the 14.5 GHz microwaves this value is 2.6 x 102 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 poweér: Using 14:5 GHz frequency
and 470 W microwave power they found n. jow to be 4.4 x 10'! cm™3.[ As adconservative lower limit,
we take ¢ jow = 1 X 10" ¢cm~3 for the 500 W microwave power dised herein./The lower limit for
the electron temperature is positive and non-zero, and T¢ 10w = 10 eV.was ¢hosen as it corresponds
to the order of magnitude of the plasma potential [27]. Thempper imit . nigh 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 correspondsyto the warm electron population,
which mostly accounts for the ionisation processes within the plasma. Based on an analysis of the
solution sets (see supplement only such minima for which F4(n.,T.) < 10~* were accepted,
and solutions leading to negative (i.e. unphysical) reSultswererdiscarded.

The semi-empirical analytical expression was used to evalliate the necessary rate coefficients.
In order to account for the uncertainty of Eq. , a Monte Carlo approach was employed, where
a random systematic bias — within the uncertainty limits<given for the formula — was added to
each rate coeflicient involved in the function’\F'4(n.,T.). According to Voronov in Ref. |20], the
uncertainty of the rate coefficients is 40 % — 602%.

The flow of the code is illustratedsin Figure The algorithm was run using 1000 different,
randomized uncertainty biases to ensure,that theisolution set was sufficiently sampled. The process
produces a set of (ne, T )-pairs, which minimise the penalty function within the given constraints.
When the confinement times,donisation times, eharge 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-pércentile.below and above the median to represent the results, which
corresponds to a one sigma uneertainty forra normal distribution.

The N+ pulse response-of t&ree consecutive charge states (1971, I, and I9F!) are necessary
to estimate the a4, by, and c, for any given charge state. To solve Eq. , on the other hand,
requires the parameters @y, agt1, bgs bg+1, cg—1, and ¢4. To obtain them, five neighboring charge
state currents must, be measured/ By extension, given X measured neighboring currents in the
CSD, one can obtain aset of solutions for X — 4 charge states.

4 Experimental methods

The method consists o6finjecting short pulses of 1+ ions into a CB-ECRIS plasma and analysing the
extracted/n+ résponses. 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],430]- The optimum 1+ ion capture efficiency is obtained when the velocity of the injected ions
is equal to thé 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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Table 2 — Measured charge breeding efficiencies for charge states between K+ and K™+,

Ton K+ K2t K3t K K°t KOt K7t K8t K9t K% KU+ Ki2f
Efficiency (%) 9.7 2.7 12 10 11 12 15 27 89 1064 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 K™ beam into a He'support plasma to obtain
high charge breeding efficiencies [32]. K was chosen as the injeeted species because it is an alkali,
so there is no recycling of the ions lost on the charge breederplasmaschamber wall into the plasma,
and several consecutive charge states, ranging from 1+ o 124,'can be measured. It is also the
heaviest alkali for which cross section / rate coefficient data was available.

Experiments were conducted on an upgraded version. of the Laboratory of Subatomic Physics
& Cosmology (LPSC) 1+—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 surfaee residue mitigation, the background vacuum pressure
at injection was 2.5 x 10~% mbar.

The charge breeder was assembled with ‘@ 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 fieldistrength 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 wasstuned to optimise the K'°F efficiency in continuous 1+ injection
mode. A 0.71 pA (0.44 x 10%3/pps) K¥ beam was produced with the ion gun 1+ source [30]. The
KT beam was selected by the 14 beam line dipole magnet and injected into the charge breeder. The
electrostatic pulsing systemi, set just.before the 1+ dipole magnet, was used to pulse the 1+ beam
into the charge breeder in order to ealculate 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!0t efficiency,was found with the charge breeder axial magnetic field strength values
of Binj = 1.58 T Brigv= 045 T and Bex = 0.83 T, the 14.5 GHz microwave power being set at
500 W. The vacuum leveliat 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 [2fsummarizesthe measured charge breeding efficiencies of charge states between K+ and
K'2+. For refefence; theérbest efficiency measured for K with He as a support gas was 11.7 % for
K!9* 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 14+ beam injection on the plasma was checked in continuous mode, com-
paringithe CSD extracted from the CB with and without 1+ injection. Without 1+ injection, the
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Table 3 — N+ beam intensities I without 14+ beam injection and N+ beam intensities' change A
when injecting K™ beam compared to without injection.

Species Het/O%* He?*/Hf OF 02t 03F 0°F 0%t O
I (pA) 65.2 19.6 29 4.1 6.5 229 53.1, 134
A%) 02 36 0.7 -0.2 -03 -28 -38) -5u

~
Het and He?* beam intensities were 65.2 uA and 19.6 pA, respectively.<The measured variations
of these peaks when injecting the KT beam were -0.2 % for Het and -3.6 % for He?t. It is worth
noting that the Het 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) wagi36 x 10" 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 fon populati®ns with a maximum difference of
about -5.4 % for O”* (see Table . This CSD modification is attributed to the gas mixing effect,
due to the mass difference between the injécted, ions andithe plasma support gas [19], [31]. Taking
into account that in continuous mode (i) the flux of injected K* ions is small compared to the
extracted He ions flux (and by extension even'smallerscompared to the total number of buffer gas
ions in the plasma volume) and (ii) theseffect on the plasma species is small, we consider here that
the 5 ms 1+ beam pulse effect on the support plasma is negligible.

After the aforementioned measurementsy the 1+ injection was switched to pulse mode. Short
14 pulses with a width of 5 mépcorresponding 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 comménd 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 ¢onsecutive 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 werth.noting that in the CSD, due to the resolution of the N+ spectrometer, K+
and K'2* peaks/overlapped with the fringes of N** and O°*, respectively. The change of the 0>+
and N** beanivintensities in CW mode being -2.8 % and +1.7 % compared to the case without
1+ injectiongsthe effect Of these contaminants on the K''* and K'?* transients was considered
negligiblein 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 K!2*. The onset
time of the 14 injection pulse was set as t = 0. For each N+ pulse response, the background was
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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,, b, and ¢, parameters for K™K with an RK4 stepsize of 10 us, and

the corresponding reduced x? values of the fits.
L

K4+ K5+ K6+ K7+ K8+ K9+ K10+ K11+
aq (1/s) 931 996 971855 793 705 175 132

by (1/s) 894 774 846 ), 840n. 760 326 231 256
cg (1/s) 2 27 112 136 93 108 117 151

X2 1.15 1.0~ .01 —135 1.68 2.77 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 describeddin @Was applied to estimate the a4, b, and ¢, parameters from the
measured currents. The [dependenceé of the fitting coefficients on the fitting range was checked by
limiting the fitting window'eid point. It was found that for K2+ and K3* the coefficients did show
a noticeable dependence on thefitting 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] whichi 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 [l More details on the fitting range analysis can be found in the supplementary material
in Thé compariseni between the measured K™™' pulse responses for charge states between 4+
and 11+ and the best fit eurves is presented in supplement [A2]
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5 Results

Figure |4] displays the sets of (n.,T,)-pairs found to satisfy Equation for €harge states K57~
K'0+ using the method detailed in Section Because Equation has tw6 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 thésupto 60 % uncer-
tainty in the ionisation rate coefficients), with an optimum 7, searched for 1000 7, values in the
given range within each iteration. The plasma confinement, ionisation and charge exchange times
(19, |ne (crv>;rf>q+1
issued to the rate coefficients in each iteration. The corresponding energy comntents (n. (E.)), and
plasma triple products (n. (E.) 79) were similarly calculated. It should bé noted that because the
optimisation is performed for each charge state separately, all valaes 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 areplotted in Figures ] [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% = 2.679% ms and 77" =403 ms, while 75+ = 7.371%% ms,

1 -1
} ) {no (ov)gs, q_l} ), were calculated, taking into_aceount the uncertainties

and 71 = 16.47%3 ms. The high chargesstates are/belieyed to be electrostatically rather than
magnetically confined as their collision frequeney may exceed their larmor frequency as implied by
results for sodium in Ref. [6], and oxygen in Ref.|34]. The ionisation time is level up to charge

. -1 . -1
state 8+ (e.g. {ne <Jv>‘5][f_>6+] = 2.6"0% ms and [ne <O”U>17If_>8+i| = 2.670% ms), but exhibits

8+—9+ 9+—10+
corresponds to a shell closure in the electron configuration of potassium, which is also indicated in
Table[I] A relatively large uncertainty bound is associated with the charge exchange times. For all
except K5 and K%t the medianscharge exchange times were around 10 ms.

The plasma energy content appears to,have no clear charge state dependence, with all values
lying around 10'® eV /ecm?, the average being 2.51‘%‘_2 %1015 eV /em?, 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'°*. This charge dependence originates from

the corresponding dependence of the confinement times.

- -1 . 1
a kink between [ne (ov)g } = 31155 ms and [ne (ov)g ] =9.675Y ms. This kink

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 K** — K2+ (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 5 — The plasma charge‘exchange (a), ionisation (b) and confinement times (c) as a function
of charge state. Note that subfiguren(a) is plotted in logscale.

(7) that the balance equation @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/hat (ii) the'perturbation caused by the injected species is sufficiently small
for the parameters me,1., and ng to be defined by the support plasma. We further assume that
(7i1) the extractedseurrentsrand particle densities are related by Equation , where the beamline
transmission coéfficient gyis assumed to be the same for any three consecutive charge states. These
assumptions dllow the conversion of the balance equation to the extraction current formalism,
yielding equation . Finally, the use of Eq. to make fits to the extracted N+ current transients
requires u§ to assumie, that (iv) ne,Te,no and 77 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
canybe neglected. Using Ar here as a proxy for K — the two elements being neighbours on the
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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 Ar3t +e~ — Ar®t 4 3é is roughly
an order of magnitude less likely than the single ionisation process Ar3* + e~ & Artt + 2e= |35,
while for higher charge states the difference is even greater. Wall recycling is minimised thanksito
potassium being an alkali. Charge exchange with neutrals can be seen to be much moréyprobable
than with higher charge state ions, as the cross section decreases according t0 the inverse square
of the ionisation potential — as evident from Eq. , and because the low<on 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 we are also safe regarding as-
sumption (i) since the total effect of the K™ beam injected into the sourcé in CW mode causes a
minor (at most < 5.4 % for the oxygen impurity) modification on theé'support plasma CSD. The
total of 2.2 x 1019 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 (ii7)
Eq. 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 Sy Inand kyin' Eq. 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, theyeould,also be included in the calculations.
Defining them for all charge states for the purposes of this' methed paper was deemed impractical.
In the final assumption (iv) the constancy of n., Ts, aud ng is justified as the perturbation caused
by the K pulse is indeed minimal (c.f. assumption (zz))E]

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

-1 SMmamzqtqingIn A
(Tg/ﬁ) — 12/ = 1.801071° Flads"5 571y, (24)
(maTp + mBTa)3/2

where m,, 3 is mass (g) qq,/p is the charge state, ng is particle density (1/cm?), T, p is temperature
(eV), and the subscripts o and 8 refer to,the test particle and field particle respectively. Table
tabulates the values of 7o' /B fordifferent charge states of potassium in a field of either electrons
or helium ions; the experimenta)ly obtained confinement times are also tabulated for comparison.
The calculations were done for twe electron populations separately with temperatures 10 eV and
1000 eV respectively, bothywith 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 substitutiorﬁ

;nHeq - e <q> ’ (25>

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

3Thefitting rangefanalysis provided in the supplementary material (see supplement also shows that the
fitting parameters-aq, by and ¢4 show no time dependence for the charge states 44 onward, which is in agreement
with| this assumption.

4Wemote that the often used relation (c.f. Ref. [19]) 2 n9¢? = ne (q) is incorrect. The derivation of Eq. is
given in supplément @
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helium currents that (¢?) / (g) ~ 1.2. The n, again was set to 5 x 10'! cm™3. A temperature of
10 eV was chosen for He, based on ion temperatures deduced in Ref. [4]. A value of InA = 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 plasmamions 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¢" /8 between potassium and cold electrons
is on the order of or less than the confinement time, which could enable thetemiperature of the
high charge states of potassium to evolve over the duration of the transiént (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 is dccurate 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 7,. 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 coefficientyformula using different EEDFs such as the
Druyvesteyn, Margenau or kappa distzibutions [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 allowedwn., T, pairs result in plasma characteristic times, energy contents
and triple products within a telérably 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,Te) 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 indicatesthat 77 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 i 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 poetential 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
plasmaicore, with lower charge states originating from larger radial distance from the chamber axis.
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~

Table 5 — Table of characteristic thermal equilibration times for a test particle o= Kt (T, = 1 V)
into a field of particles § = e~ / He. The calculation was performed for two électron populations
of temperature 10 eV 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* em~3. The experimentally obtained confinement times 7%are also tabulated.

73/5
B8 =e" B =ce" £ =He
a Tsg=10eV Tz =1000 eV Tp <108V 74
K+ 75.39 ms 75.39 s 747 A1 ps
K2t  18.85 ms 18.85s 186.78 s
K3+ 8.38 ms 8.38's 83.01 us
K4 471 ms 4.71 s 46.69 us
Ko+ 3.02 ms 3.02's 20.88 us  2.670% ms
Ko+ 2.09.ms 2.09.s 20.75 ps 2.6 T ms
K™ 1.54 ms 1.54 s 15.25 us 4.07%) ms
K8+ 1.184ns 1.18 s 11.67 us 7.373%° ms
Ko+ 0.93 ms 0.93 s 9.22 us 10.073%% ms
K%+ 075 ms 0.75 s 7A7 ps 1657153 ms
K+ 0.62 ms 0.62 s 6.17 us
K2t 0.52.ms 0.52 s 5.19 us
20
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Table 6 — Characteristic collision time 7'5K /He ) etween potassium ions (with temperature 1°€V

or 10 €V) and support plasma helium ions (having temperature 1 €V or 10 €V) and the respec-
tive gyration times gy, about B = 0.5 T field intensity. Support plasma was assumed to, have
(¢*)/{g) =1.2 and n. =5 x 10" cm™>.

The =1eV The = 10 eV B=05"T
K/He K/He
e /M (us) e /M (us) Tégro (113)
Tiat (eV) K KO+ KO+ | K+ Ko+ KO+ | K+ [ KM+ K0+
1 26.9 1.1 0.3 7471 299 6.2 5.2 1& 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 plasmancore. 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 eV with a charge state dependence [4].

The necessary condition for magnetic confinementyis that the gyration time 74y, around a field
line be shorter than the mean collisien time. The gyration time is defined through the cyclotron

frequency w, such that
L, w. geB

Tgyro 271 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
even at low temperatures TGK / H‘)\Qan 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]; |45y the confinement time has been studied by exponential fits to the decaying
current transients’in’leng pulse material injection mode. In Ref. [14] it is argued that the time
constant of the decay represents the cumulative confinement time 74 of an individual particle, rather
than the population confinement time 7¢ as defined in the balance equation, which is obtained as
a result of thie method.introduced in this work.

Since the détermination of both the cumulative confinement time, the charge breeding time
and the 90\% extraction time (7cp, Tooy; See e.g. Ref. |7]) is much simpler than carrying out
the complete methiod proposed herein, it should be worth comparing the behavior of these time
scalés in parameter sweeps. If a correspondence can be established between 74, 7cp, Togy 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 (ne, Tt) solution sets béeoming “smeared”,
and consequently, if the cross sectional data were more precise the error bars @n the results found
using this method could also be reduced[]]

In Ref. [16] the balance equation for ion densities (Eq. () is fit to thé transients of extracted
beam intensities in order to determine 79, 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 7, te be approximately
5x 10" em ™3, and T, around 2 keV—3 keV. The approach in Ref. |16] fieglect$ the current-to-density
proportionality 79 o< gen?/79, as proposed by Ref. [25], and further assumes 79 = Tyax * ¢/ ¢max-

The assumption of the linear g-dependence for 7¢ is based on the, findings in Ref. [26], which
also indicate much shorter confinement times — less than 4 ms for Ar'6% and below. In Ref. [26]
the confinement time was determined from the saturation currents directly, by using Equation @,
estimating the necessary parameters, x, S, L, and by determining théspepulation 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 using4he Voronov formula for the ionisation rate
coefficient, the electron temperature T, found in Ref. {26]:for the warm electron population, and the

, -1
highest n. value of 5.7 x 101! em~2 found therein, one finds [ne?ov>;%1_>16+] ~ (35+21) ms. If

this were true, then for the 7A>" < 4 ms confinement time found in Ref. [26], there should be next
to no Arl6+ produce(ﬂ, since a criterion for appreciableionisation from ¢ to ¢ + 1 is that [1]
. -1
79 > [ne <0"U>;qu+1:| (27)
Hence, there is reason for some doubt congerning the precision of the measurements in Ref. [26].
The present method also preduces 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 t6 oceur 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 , where a shell closure inhibits the ionisation from 9+ to 10+,

. -1 . -1
explaining the discréte jump in ionisation times between [ne (ov)gy o 4 and [ne (ov)g 10 J :
It can be seen that 79 is mever smaller than the ionisation time from g to ¢ + 1 — satisfying
requirement .

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 exc¢hange may begin to inhibit the production of Kt for example. It is likely that

51t 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 uW 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 the neutral density was deconvoluted‘from the charge ex-
change times as a function of the ion temperature, and values on the order of 102 cm ™3 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_.contents, 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 [0] indicates that the energy content is more ot less the same
throughout the plasma, which is in line with the observed increase in ionisdtion 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 diagramn(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 producticould serve as a useful diagnostic when
optimising the source for HCI production. IS}

References

[1] R. Geller, Electron cyclotron resonance gon sources and ECR plasmas. IOP, 1996, ISBN:
9780750301077.

[2] R. Geller, T. Lamy, and P. Sortais, “Charge breeding of isotope on-line-created radioactive ions
using an electron cyclotron resonance iontrap,” Review of Scientific Instruments, vol. 77, no. 3,
03B107, 2006. poI1: [10.1063/1.2151896. eprint: https://doi.org/10.1063/1.2151896.
[Online]. Available: https:#/doi.org/10.1063/1.2151896.

[3] Y. Blumenfeld, T. Nilsson, and P. V. Duppen, “Facilities and methods for radioactive ion
beam production,” Physis{Scm’pta, vol. T152, p. 014023, Jan. 2013. DOI: |10.1088/0031 -
8949/2013/t152/014023.

[4] R. Kronholm, T. Kalvas, H, Koivisto, J. Laulainen, M. Marttinen, M. Sakildien, and O.
Tarvainen, “Spéctroseopic.study of ion temperature in minimum-b ECRIS plasma,” Plasma
Sources Scienee and Technology, vol. 28, no. 7, p. 075006, 2019. DOI: [10.1088/1361-6595/
ab27a1l [Omline:, Available: https://doi.org/10.1088%2F1361-6595%2Fab27all

[5] R. Kronholm, T. Kalvas, H. Koivisto, S. Kosonen, M. Marttinen, D. Neben, M. Sakildien, O.
Tarvainen, and V. Toivanen, “Ecris plasma spectroscopy with a high resolution spectrometer,”
Reviéew of Scientific Instruments, vol. 91, no. 1, p. 013 318, 2020. DOI: [10.1063/1.5128854,
eprint: https¢//doi.org/10.1063/1.5128854. [Online|. Available: https://doi.org/10.
1063/1.5128854.

23


https://doi.org/10.1063/1.2151896
https://doi.org/10.1063/1.2151896
https://doi.org/10.1063/1.2151896
https://doi.org/10.1088/0031-8949/2013/t152/014023
https://doi.org/10.1088/0031-8949/2013/t152/014023
https://doi.org/10.1088/1361-6595/ab27a1
https://doi.org/10.1088/1361-6595/ab27a1
https://doi.org/10.1088%2F1361-6595%2Fab27a1
https://doi.org/10.1063/1.5128854
https://doi.org/10.1063/1.5128854
https://doi.org/10.1063/1.5128854
https://doi.org/10.1063/1.5128854

oNOYTULT D WN =

7]

9]

[10]

[11]

[12]

[13]

[14]

AUTHOR SUBMITTED MANUSCRIPT - PSST-104218.R1

O. Tarvainen, H. Koivisto, A. Galata, J. Angot, T. Lamy, T. Thuillier, P. Delahaye, L. Mau-
noury, D. Mascali, and L. Neri, “Diagnostics of a charge breeder electron cyclotrén resonance
ion source helium plasma with the injection of 2Nal+ ions,” Phys. Rev. Atcel. Beams,vol. 19,
p. 053402, 5 2016. DOI: 10.1103/PhysRevAccelBeams. 19.053402. [Online|. Available: https:
//link.aps.org/doi/10.1103/PhysRevAccelBeams.19.053402,

J. Angot, O. Tarvainen, T. Thuillier, M. Baylac, T. Lamy, P. Sole, and"J.: Jacob, “Charge
breeding time investigations of electron cyclotron resonance chargefbreeders,”. Phys. Rev.
Accel. Beams, vol. 21, p. 104801, 10 2018. poOI: [10.1103/PhysRevAccelBeams . 21 . 104801
[Online]. Available: https://link.aps.org/doi/10.1103/PhysRevAccelBeams.21.104801.

V. Mironov, B. Sergey, A. Bondarchenko, A. Efremov, and V. Loginow; “Numerical model of
electron cyclotron resonance ion source,” Physical Review Special«Topics - Accelerators and
Beams, vol. 18, Jul. 2015. DOI: 10.1103/PhysRevSTAB. 18. 123401,

H.-K. Chung, M. Chen, W. Morgan, Y. Ralchenko, and R. Lee; “Elychk: generalized pop-
ulation kinetics and spectral model for rapid spectroscopic, analysis for all elements,” High
Energy Density Physics, vol. 1, no. 1, pp. 3-12, 2005, 1SSN: 1574<1818. DOI: https://doi.
org/10.1016/j.hedp.2005.07.001. [Online|. Available: http://www.sciencedirect.com/
science/article/pii/S1574181805000029.

R. C. Pardo, R. Harkewicz, and P. J. Billquist Time evolution of charge states in an electron
cyclotron resonance ion source (abstract)a),”/Reviéw of Saentiﬁc Instruments, vol. 67, no. 3,
pp. 881-881, 1996. DOI:[10.1063/1. 1147232, eprint: https://doi.org/10.1063/1.1147232,
[Online]. Available: https://doi.org/10.1063/1.1147232.

R. Harkewicz, J. Stacy, J. Greene, and R. C. Pardo, “Solid material evaporation into an elec-
tron cyclotron resonance source by laser ablation,” Review of Scientific Instruments, vol. 65,
no. 4, pp. 1104-1106, 1994. poI: 1021063 /1. 1145078. eprint: https://doi.org/10.1063/
1.1145078. [Online|. Available: https://doi.org/10.1063/1.1145078.

R. Vondrasek, R. Scott,sR. Pardo, and B. Edgell, “Techniques for the measurement of ion-
ization times in ecr ion sources using a fast sputter sample and fast gas valve,” Review of
Scientific Instruments, vole"73, pp. 548-551, Feb. 2002. DOI: [10.1063/1.1430273|

D. Neben, J. Fogleman; D. Leitner,” G. Machicoane, G. Parsey, A. Pham, S. Renteria, J.
Stetson, I. Tobos, and=J .\Verboncoeur, “Fast Sputtering Measurement Studies using Ura-
nium with the NSCL ECR Ton Sources,” in Proc. of International Workshop on ECR Ion
Sources (ECRIS’16), Busan, Korea, August 28 - September 1, 2016, (Busan, Korea), ser. In-
ternational Workshop en ECR Ion Sources, https://doi.org/10.18429/JACoW-ECRIS2016-
WEPP40, Geneva, Switzerland: JACoW, Oct. 2016, pp. 129-133, 1SBN: 978-3-95450-186-1.
DOIL: httpsa7/7/doi.org/10.18429/JACoW-ECRIS2016- WEPP40. [Online]. Available: http:
//jacow.org/ecris2016/papers/wepp40. pdfl

M. Marttinen, J. Angot, A. Annaluru, P. Jardin, T. Kalvas, H. Koivisto, S. Kosonen, R.
Kronholm, L. Maunoury, O. Tarvainen, V. Toivanen, and P. Ujic, “Estimating ion confinement
times from beam eurrent transients in conventional and charge breeder ecris,” Review of
Scientific Instruments, vol. 91, no. 1, p. 013304, 2020. pOI: 10.1063/1.5128546. [Ouline].
Availabléshttps://doi.org/10.1063/1.5128546/

24

Page 24 of 34


https://doi.org/10.1103/PhysRevAccelBeams.19.053402
https://link.aps.org/doi/10.1103/PhysRevAccelBeams.19.053402
https://link.aps.org/doi/10.1103/PhysRevAccelBeams.19.053402
https://doi.org/10.1103/PhysRevAccelBeams.21.104801
https://link.aps.org/doi/10.1103/PhysRevAccelBeams.21.104801
https://doi.org/10.1103/PhysRevSTAB.18.123401
https://doi.org/https://doi.org/10.1016/j.hedp.2005.07.001
https://doi.org/https://doi.org/10.1016/j.hedp.2005.07.001
http://www.sciencedirect.com/science/article/pii/S1574181805000029
http://www.sciencedirect.com/science/article/pii/S1574181805000029
https://doi.org/10.1063/1.1147232
https://doi.org/10.1063/1.1147232
https://doi.org/10.1063/1.1147232
https://doi.org/10.1063/1.1145078
https://doi.org/10.1063/1.1145078
https://doi.org/10.1063/1.1145078
https://doi.org/10.1063/1.1145078
https://doi.org/10.1063/1.1430273
https://doi.org/https://doi.org/10.18429/JACoW-ECRIS2016-WEPP40
http://jacow.org/ecris2016/papers/wepp40.pdf
http://jacow.org/ecris2016/papers/wepp40.pdf
https://doi.org/10.1063/1.5128546
https://doi.org/10.1063/1.5128546

Page 25 of 34

[15]

oNOYTULT D WN =

[16]

14 [17]

17 [18]

[19]

27 20]

31 121]

[22]

40 23]

43 [24]

[25]

AUTHOR SUBMITTED MANUSCRIPT - PSST-104218.R1

V. Mironov, S. Runkel, K. E. Stiebing, O. Hohn, G. Shirkov, H. Schmidt-Bocking, and A.
Schempp, “Plasma diagnostics at electron cyclotron resonance ion sources by injection of laser
ablated fluxes of metal atoms,” Review of Scientific Instruments, vol. 72, ne. 5, pp. 22712278,
2001. DOI: 110.1063/1.1361087.

M. Imanaka, T. Nakagawa, H. Arai, I. Arai, and S. Lee, “Plasma diagnosties of liquid, he-free
sc-ecr ion source (shiva) with use of laser ablation technique,” Nuclear Instruments and Meth-
ods in Physics Research Section B: Beam Interactions with Materials and Atoms, vol. 237,
pp. 647-655, Aug. 2005. DOL: [10.1016/73 .nimb.2005.04 . 105,

J. Angot, A. Galata, L. Maunoury, T. Thuillier, M. Baylac, M. Migliore, and P. Sole, “Con-
taminants reduction in ecr charge breeders by Inl lpsc ganil collaboration,” in ECRIS 2020
proceedings WEZZ002, 2020.

G. Shirkov, C. Miihle, G. Musiol, and G. Zschornack, “Ionization and’ charge dispersion in
electron cyclotron resonance ion sources,” Nuclear Instruments andyMethods in Physics Re-
search Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 302,
no. 1, pp. 1-5, 1991, 1ssN: 0168-9002. pOI: https ://doi . org/10.1016/0168-9002(91)
90485-9. [Online|. Available: http://www.sciencedirecty com/science/article/pii/
0168900291904859

G. Melin, A. G. Drentje, A. Girard, and D. Hitz, “Ion Behavior and Gas Mixing in Electron
Cyclotron Resonance Plasmas as Sources of Highly/Charged Ions,” Journal of Applied Physics,
vol. 86, no. 9, p. 4772, 1999.

G. VORONOV, “A practical fit formularfor ionization rate coefficients of atoms and ions
by electron impact:z= 1-28,” Atomic Data and Nuclear Data Tables, vol. 65, no. 1, pp. 1-
35, 1997, 1SsN: 0092-640X. DOI: https: //doi.org/10.1006/adnd. 1997 .0732. [Online|.
Available: http://www.sciencedirect.com/science/article/pii/S0092640X97907324.

I. Izotov, O. Tarvainen, V. Skalyga, D. Mansfeld, T. Kalvas, H. Koivisto, and R. Kronholm,
“Measurement of the energy distribution, of electrons escaping minimum-b ECR plasmas,”
Plasma Sources Science andyTechnology, vol. 27, no. 2, p. 025012, Feb. 2018. po1: 10.1088/
1361-6595/aaac14.

H. Knudsen, H. K. Haugen, and P’ Hvelplund, “Single-electron-capture cross section for
medium- and high—velocit&highly charged ions colliding with atoms,” Phys. Rev. A, vol. 23,
pp. 597-610, 2 Feb. 1981. DO 10 . 1103 /PhysRevA . 23 . 597, [Online|. Available: https :
//link.aps.org/doi/10.1103/PhysRevA.23.597.

J. C. Slater, “Atomic shielding constants,” Phys. Rev., vol. 36, pp. 5764, 1 Jul. 1930. DOTI:
10.1103/PhysRew,. 36 . 57. [Online]. Available: https://1link. aps.org/doi/10.1103/
PhysRev.36.57.

E. Clementi and D. L. Raimondi, “ Atomic screening constants from scf functions,” The Journal
of Chemucal»Physics, vol. 38, no. 11, pp. 26862689, 1963. DOI: [10.1063/1.1733573. eprint:
https://doi.org/10.1063/1.1733573. [Online|. Available: https://doi.org/10.1063/1.
1733573:

HuJ. West, “@alculation of ion charge state distribution in ecr ion source,” Lawrence Livermore
National Laboratory, Tech. Rep., 1982.

25


https://doi.org/10.1063/1.1361087
https://doi.org/10.1016/j.nimb.2005.04.105
https://doi.org/https://doi.org/10.1016/0168-9002(91)90485-9
https://doi.org/https://doi.org/10.1016/0168-9002(91)90485-9
http://www.sciencedirect.com/science/article/pii/0168900291904859
http://www.sciencedirect.com/science/article/pii/0168900291904859
https://doi.org/https://doi.org/10.1006/adnd.1997.0732
http://www.sciencedirect.com/science/article/pii/S0092640X97907324
https://doi.org/10.1088/1361-6595/aaac14
https://doi.org/10.1088/1361-6595/aaac14
https://doi.org/10.1103/PhysRevA.23.597
https://link.aps.org/doi/10.1103/PhysRevA.23.597
https://link.aps.org/doi/10.1103/PhysRevA.23.597
https://doi.org/10.1103/PhysRev.36.57
https://link.aps.org/doi/10.1103/PhysRev.36.57
https://link.aps.org/doi/10.1103/PhysRev.36.57
https://doi.org/10.1063/1.1733573
https://doi.org/10.1063/1.1733573
https://doi.org/10.1063/1.1733573
https://doi.org/10.1063/1.1733573

oNOYTULT D WN =

[26]

[27]

28]
[29]

[30]

[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

AUTHOR SUBMITTED MANUSCRIPT - PSST-104218.R1

G. Douysset 1, H. Khodja, A. Girard, and J. P. Briand, “Highly charged ion densities and ion
confinement properties in an electron-cyclotron-resonance ion source,” Phys. Reu. E, vol. 61,
pp. 3015-3022, 3 2000. DOI: [10.1103/PhysRevE. 61.3015. [Online]. Available: https.://
link.aps.org/doi/10.1103/PhysRevE.61.3015.

T. Lamy, J. Angot, M. Marie-Jeanne, J. Médard, P. Sortais, T. Thuillier, A. Galata, H.
Koivisto, and O. Tarvainen, “Fine frequency tuning of the phoenix charge breeder used as a
probe for ecris plasma,” Jan. 2011.

C. Perret, Ph.D. dissertation, Université Joseph Fourier, Grenoble, 1998.

J. Angot, T. Lamy, M. Marie-Jeanne, P. Sortais, and T. Thuillier, “Lpse,pheenix ecr charge
breeder beam optics and efficiencies,” in FCRIS 2012 proceedings TH Y@w, 2012.

T. Lamy, J. Angot, T. Thuillier, P. Delahaye, L. Maunoury, J. Choingki, L. Standylo, A.
Galata, G. Patti, H. Koivisto, and O. Tarvainen, “Experimental activities with the Ipsc charge
breeder in the european context,” FCRIS 2014 Proceedings WEOBMHO01, 2014.

J. L. Delcroix and A. Bers, Physique des Plasmas 2. (Paris:CNRS) p 357, 1994.

L. Maunoury, O. Bajeat, C. Barthe-Dejean, P. Delahaye, M:xDubois, R. Frigot, P. Jardin, A.
Jeanne, O. Kamalou, P. Lecomte, O. Osmond, G. Peschard, A. Savalle, J. Angot, T. Lamy,
and P. Sole, “Spirall charge breeder : performances and status,” FCRIS 2016 Proceedings,
2016. DOI: https://doi.org/10.18429/JACoW-ECRIS2016-MOF001.

J. Angot, T. Thuillier, O. Tarvainen, M. Baylac, J. Jacob, T. Lamy, M. Migliore, and P. Sole,
“Recent improvements of the Ipsc charge breeder,” paster,

O. Tarvainen, T. Lamy, J. Angot, T. Thuillier, P. Delahaye, L. Maunoury, J. Choinski, L.
Standylo, A. Galata, G. Patti, and H. Koivisto, “Injected 1+ ion beam as a diagnostics tool
of charge breeder ECR ion source plasmas,” Plasma Sources Science and Technology, vol. 24,
no. 3, p. 035014, May 2015. DoI: 10.. 1088/0963-0252/24/3/035014.

H. Tawara and T. Katos “Total and partial ionization cross sections of atoms and ions by
electron impact,” Atom. Data Nucl. Data Tabl., vol. 36, pp. 167-353, 1987. DOI: [10.1016/
0092-640X(87)90014-3.

J. D. Huba, NRL formulary, Naval Research Laboratory, Washington, DC 20375, 2016. [On-
line]. Available: httpss: //www.nrl.navy.mil/ppd/content/nrl-plasma-formulary.

M. Guerra, P. Amaro, C£I. Szabo, A. Gumberidze, P. Indelicato, and J. P. Santos, “Analysis
of the charge state 'distribution in an ECRIS ar plasma using high-resolution x-ray spectra,”
Journal of Physics B Atemic, Molecular and Optical Physics, vol. 46, no. 6, p. 065701, Mar.
2013. DOI: [10.1088/0953-4075/46/6/065701. [Online|. Available: https://doi.org/10.
1088%2F0953-407572F4672F6/,2F065701.

C.-R. Du, S. A. Khrapak, T. Antonova, B. Steffes, H. M. Thomas, and G. E. Morfill, “Fre-
quency._dependence of microparticle charge in a radio frequency discharge with Margenau
electton velocity distribution,” Physics of Plasmas, vol. 18, no. 1, p. 014501, 2011. DOI:
10.11063/1 .3530439, eprint: https://doi.org/10.1063/1.3530439. [Ouline]. Available:
https://doisorg/10.1063/1.3530439.

V. Mironov and J. Beijers, “Three-dimensional simulations of ion dynamics in the plasma
of an electron cyclotron resonance ion source,” Physical Review Special Topics - Accelerators
and, Beams, vol. 12, p. 073 501, Jul. 2009. poI: [10.1103/PhysRevSTAB.12.073501.

26

Page 26 of 34


https://doi.org/10.1103/PhysRevE.61.3015
https://link.aps.org/doi/10.1103/PhysRevE.61.3015
https://link.aps.org/doi/10.1103/PhysRevE.61.3015
https://doi.org/https://doi.org/10.18429/JACoW-ECRIS2016-MOFO01
https://doi.org/10.1088/0963-0252/24/3/035014
https://doi.org/10.1016/0092-640X(87)90014-3
https://doi.org/10.1016/0092-640X(87)90014-3
https://www.nrl.navy.mil/ppd/content/nrl-plasma-formulary
https://doi.org/10.1088/0953-4075/46/6/065701
https://doi.org/10.1088%2F0953-4075%2F46%2F6%2F065701
https://doi.org/10.1088%2F0953-4075%2F46%2F6%2F065701
https://doi.org/10.1063/1.3530439
https://doi.org/10.1063/1.3530439
https://doi.org/10.1063/1.3530439
https://doi.org/10.1103/PhysRevSTAB.12.073501

Page 27 of 34

oNOYTULT D WN =

[40]

[41]

[42]

[43]

[44]

[45]

AUTHOR SUBMITTED MANUSCRIPT - PSST-104218.R1

M. A. Leitner, D. Wutte, and C. M. Lyneis, “Design of the extraction system of the supercon-
ducting ecr ion source venus*,” in Proceedings of the 2001 Particle Accelerator!Conference,
Chicago, P. Lucas and S. Webber, Eds., Argonne National Laboratory, Férmi National Ac-
celerator, and Laboratory Oak Ridge National Laboratory, vol. 5, Chicago; Illinois U.S:A..:

IEEE, 2001, pp. 67-69.

D. Wutte, S. Abbott, M. A. Leitner, and C. M. Lyneis, “High intensity metal ion beam
production with ecr ion sources at the lawrence berkeley national daboratoryy” Review of
Scientific Instruments, vol. 73, no. 2, pp. 521-524, 2002. pOI: [10. 1063 /1. 1425781 eprint:
https://doi.org/10.1063/1.1425781. [Online|. Available: https://doi.org/10.1063/1.
1425781. ~

J. Mandin, “Etude expérimentale et simulation des conditions.d’extraction d'un faisceau
d’ions multichargés d’une source & résonance cyclotronique ‘électroniques” Theses, Université
de Caen, Dec. 1996. [Online|. Available: http://hal.in2p3.fr/in2p3-00008706!

L. Panitzsch, M. Stalder, and R. F. Wimmer-SchweingruberjSpatially resolved measurements
of electron cyclotron resonance ion source beam profile characteristics,” Review of Scientific
Instruments, vol. 82, no. 3, p. 033 302, 2011. DOI:|10.1063/1 23553013\ eprint: https://doi.
org/10.1063/1.3553013| [Online|. Available: https://doi.org/10.1063/1.3553013.

L. Panitzsch, T. Peleikis, M. Stalder, and R. E."Wimmer-Schweingruber, “Spatially resolved
charge-state and current-density distribution$ at the extréction of an electron cyclotron res-
onance ion source,” Review of Scientific Instruments, vol. 82, no. 9, p. 093302, 2011. DOTI:
10.1063/1.3637462. eprint: httpst//doi.org/10:1063/1.3637462. [Online|. Available:
https://doi.org/10.1063/1.3637462.

D. Neben, G. Machicoane, G. Parsey, A. Pham, J.>Stetson, and J. Verboncoeur, “An Analysis
of Fast Sputtering Studies for don Confinement Time,” in Proc. of Linear Accelerator Confer-
ence (LINAC’16), East Lansing, MI, USA, 25-30 September 2016, (East Lansing, MI, USA),
ser. Linear Accelerator Conference, https://doi.org/10.18429/JACoW-LINAC2016-TUPRC032,
Geneva, Switzerland: JACoW, May 2017, pp. 475-477, 1SBN: 978-3-95450-169-4. DOI: https:
//doi.org/10.18429/ JACoW-LINAC2016 - TUPRC032. [Online|. Available: http://jacow.
org/linac2016/papers/tuprc032.pdfl

A S

27


https://doi.org/10.1063/1.1425781
https://doi.org/10.1063/1.1425781
https://doi.org/10.1063/1.1425781
https://doi.org/10.1063/1.1425781
http://hal.in2p3.fr/in2p3-00008706
https://doi.org/10.1063/1.3553013
https://doi.org/10.1063/1.3553013
https://doi.org/10.1063/1.3553013
https://doi.org/10.1063/1.3553013
https://doi.org/10.1063/1.3637462
https://doi.org/10.1063/1.3637462
https://doi.org/10.1063/1.3637462
https://doi.org/https://doi.org/10.18429/JACoW-LINAC2016-TUPRC032
https://doi.org/https://doi.org/10.18429/JACoW-LINAC2016-TUPRC032
http://jacow.org/linac2016/papers/tuprc032.pdf
http://jacow.org/linac2016/papers/tuprc032.pdf

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-104218.R1

4000
n - 3500
2 2 \
= ~ 3000
[ [
3 =}
c T 2500
> >
g 20001
[} [}
g g 1500 {
& & 1000
5001
0= : . ‘ : 0= : ‘ ;
20 40 60 80 100 20 40 60 80 . 100
Fitting range end percentile (%) Fitting range end<percentile (%)
14001 b c
vE G
© 1200 T TR
c ‘I Cq
£ 1000 - |
S 800 Hce
g L I
£ 600 1 : =i o
© E o q y
5 4001 ‘ ¥ o
& - C10
200 {4
0 * ""=!=: .
20 80 100

Fitting range end percentile (%)

Figure 8 — The variation of the fitting parameters a,, b, and c, 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 a4, b, and ¢4, the fitting range interval
was increased incrementally from ¢5'=0 s to ¢y, where t; is the longest duration of an extracted
transient. The fits were thus‘made in the intervals [to, 0.2tf], [to,0.4t¢], [to,0.6t¢], [to,0.8tf] and
[to,tr]. 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 2+ and,3- ¢hange. 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
2+ and 3+, only the fitting parameters from 4+ onward were used in the analysis.

A.2 RKA4 fitting curves

The fits-resulting from the fitting procedure described in section [3] are plotted with the experimen-
tally/measured K®* transients in Figure @ The fits were all made using a 10 us step size in the 40
order RK method. A close fit is obtained for all charge states.
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Figure 10 — The number of valid solutions with a given upper,limit of the penalty function F' for
K™+, - 4

a sample data set. The code is publicly available on github at the URL: https://github.com/
misapema- jyf1l/popTauPy, and instructions forits usewill be available there in the near future. The
experimental data measured for this manuscript ig.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. match one anothef, andshénee'the more precise the solution. Figures 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 chargestates producing similar results. Based on the analysis, we choose
F < 107% as it is the highest precision for the solution of Eq. , 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

cxX

The charge exchange times [no (o) g—q—1

were obtained via the method presented in this pa-

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

(ov)g~, .1 as a function of the u\nknown ion temperature T} according to

I\ > 8T
cx o 2 0 i
(090 =780 (L) 2y v (28)

It should be noted'that Eq: 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 theproton number, and the screening coeflicient ¥ for the 1s electronic state is given
by

¥ (1s) = 0.3 x (1s — 1) +0.0072 x (2s + 2p)

(30)
+0.0158 x (35 + 3p + 45 + 3d + 4p),
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Figure 12 — The postdicted local neutral density as a funetion of ion temperature.

where the number of electrons in a given quantum statedcharacterized’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 e

Zeg=2-03x (2-41)=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 therange [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 ionstemperature are shown in Fig.

A.6 Collision time caleulations

The total collision frequency between the test particle a and particle species 3 present in the plasma
can be obtained by taking a sum of Eq. . The ion-ion collision frequency between a K97 ion
and the helium buffer is thus obtained from

a2 In A
Sl vl =as-107" e pda 2 Y npgi () (32)
B

B=Heh, Het (ma Ty +mpTa)*/?

where T3 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

>y nlq
Dgnt

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)

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

> g
<q2> == (35)
2oqnd
From Eq. we solve
>ont =5 (36)
. (@)
where the substitution according to Eq. was made. Substitutingskq. to Eq. one
obtains > ) ~
niq
() = =t—(a), (37)
Ne
which after rearranging gives
(%)
anq2 =ne~——>. (38)
. (@)
The averages in Eq. can be approximated from theextracted beam currents as per
> {0
(o) = 2l TR (39
> afa)
and
o AL/ "
>, (I%q)
since the extracted beam CSD provides,a roughyimage 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, sodnstead of the median values of 77 presented in Fig. [5| (c), the average
value of 7¢ was usédy/and thewuneértainties around it were assumed symmetric. The obtained best
fit parameters were

{A =0.04426+£2-1075,  and )

B=25+04

with a reduced 2 value‘of 0.47. The resultant fit is plotted in Figure
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rge state

to the obtained confinement times.
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