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Background

The accurate knowledge of the inelastic electron processes in ion-atom
collisions has a significant importance in various scientific fields, such
as, particle beam therapy [1,2], modelling and diagnosing fusion plasmas

within tokamak reactors, and studying atomic and molecular structures

[3].

Among the inelastic electron processes, ionisation is especially important
in the study of fusion plasma, particularly in the study of magnetically
confined fusion plasma within tokamaks. The distribution and
concentration of excited impurity ions in fusion plasma influence the
profiles of the plasma edge. In order to provide an accurate evaluation of
plasma parameters, a diagnostic approach involving the injection of a
high-speed particle beam into the plasma edge is employed, which lead
to a high spatiotemporal resolution [4].

The collision of the injected particle beam with plasma components
provides an insight into the profiles of the plasma edge by generating
emission lines. However, the stability of these confinement systems can
be compromised, leading to plasma disruptions characterized by rapid
losses of magnetic and thermal energy, i.e., thermal quench [5,6].
Effective disruption mitigation strategies [7,8] are vital for ensuring the

safe and dependable operation of fusion reactors.



Disruption mitigation involves various approaches, including the
injection of significant gas quantities into the plasma to expedite cooling
and quenching. While effective, this process introduces notable
impurities into the plasma [9]. Noble gases and various methods [7,8,10—
12] have been proposed for disruption mitigation, considering
differences in mass, ionization, and reflection coefficients of noble gas

particles at the plasma boundary [13].

Gas injection in tokamaks also plays a vital role in plasma diagnostics.
Alkali beams, such as lithium and sodium, have proven invaluable for
measuring plasma turbulence and electron density profiles, especially

within the scrape-off layer and plasma edge [14,15].

Various high-energy beams, including hydrogen isotopes and helium,
serve dual purposes in heating fusion plasma and diagnostic processes
within tokamak reactors [4,16-18]. Nitrogen seeding is another strategy

aimed at cooling the edge plasma within tokamak reactors [19].

In the pursuit of improved magnetic fusion plasma performance and
enhanced protection for plasma-facing components, fusion experiments
have explored the use of liquid lithium [20]. Lithium's reactivity leads to
ionization, resulting in collisions with neutral atoms at the plasma's edge.
A significant study by Wolfrum et al. [21] explored sodium as an

alternative diagnostic beam to lithium, citing advantages such as a lower



emitter temperature and a larger charge exchange cross-section in

collisions involving helium and carbon impurities.

To achieve accurate diagnostics and effective regulation of plasma in
proximity to tokamak reactor walls, a deep understanding of the cross-
sectional properties of collision systems within the edge plasma is
imperative. Precise cross-sectional data acquisition is pivotal in

simulating and regulating the plasma effectively.
The applied method

During my PhD study, the classical trajectory Monte Carlo model
(CTMC) [22,23] was used to investigate collision systems related to
fusion plasma. The CTMC method is as a non-perturbed method, enables
the consideration of all interactions among particles within the system.
Moreover, it allows for the simultaneous calculation of all reaction
channels. To analyse collisions effectively, the collision system is
reduced to a three-body problem, employing a Garvey-type distance-
dependent model potential [24]. This reduction combines the bound
electrons and the core of the projectile ion as a single object, a procedure
similarly applied to the target atom. In the target, the active electron of
the target is considered as one body, while the core and remaining bound
electrons form the another. The CTMC method is then apply for the

calculations, providing the total cross sections in a wide impact energy



range, typically around from tens of keV to tens of MeV. Furthermore,
single and double differential cross sections are presented in the specific
energy range of 30-60 keV, aligning with the energies relevant to plasma

diagnostics in nuclear fusion applications.

The Main Objective

The main objective of my PhD work is to present a classical treatment of
inelastic single electron processes in collision systems related to fusion
plasma and other applications. The main focus lies in collision systems
involving singly charged ion projectiles (proton, lithium, and sodium
ions) and atomic targets (nitrogen and noble gases: helium, neon, argon,
krypton, and xenon). The collision system is reduced to a three-body
problem and the equations of motion are solved based on the classical
trajectories Monte Carlo method [25]. A specific emphasis is on
advancing the understanding of ion-atom collisions within the context of
modelling and diagnostics of fusion plasma. By delving into the details
of these collision processes, we seek to contribute valuable insights that

can enhance the accuracy and effectiveness of fusion plasma diagnostics.



NEW SCIENTIFIC RESULTS

Within the classical trajectory Monte Carlo (CTMC), by employing the
Garvey-type distance-dependent potential, we have studied the inelastic
collision processes of the following systems: collision of singly charged
lithium (Li*) with atomic helium and nitrogen, singly charged sodium
(Na") with atomic nitrogen, singly charged sodium (Na*) with atomic
noble gases (Ne, Ar, Kr and Xe), and protons with atomic noble gases
(Ne, Ar, Kr and Xe) in wide range of impact energies which are relevant
to the interest of fusion research.

These investigations have achieved substantial advancements in the
theoretical examination of ion-atom collision systems. For systems that
have experimental and/or theoretical results available, our CTMC results
showed in most of the cases very good agreement with the previous data.
We found very good agreement at intermediate energies, and a relatively
good agreement at higher energies. However, at lower impact energies
(below 10 keV) the agreement between experiment and theory was not
good due the limitations of the CTMC method.



I have summarized the new results presented in this thesis in the form of

5 thesis points:

Thesis point 1

My research involved CTMC calculations to explore Li* — He and
Lit — N collision systems. | calculated the ionization and electron
capture total cross sections as a function of the impact energy in the
range (20 keV-100 MeV) and determined the impact parameter
dependent probabilities. | found excellent agreement with the previous
experimental and theoretical data.

P[1]: One paper published in a refereed scientific journal and support this
dissertation.

P[1]: Impact Score: 2.53, Q1.

P[5]: Proceeding paper

Thesis point 2

I employed CTMC calculations for Na* — N collision system. |
calculated the ionization total cross sections as a function of the
projectile energy in the range (10 keV-10 MeV). Moreover, | calculated
the ionisation differential cross sections for impact energies of 30, 40, 50
and 60 keV as a function of the scattering angle and the energy of the
ionised electrons. | found that the majority of electrons are ejected at
lower angles followed by backscattered electrons. Moreover, | have
shown that the majority of these electrons acquire kinetic energies of 20
eV and below.

P[2]: One Paper published in a refereed scientific journal and support
this dissertation.

P[2]: Impact Score: 4.6, D1.

P[5]: Proceeding paper



Thesis point 3

Utilizing CTMC calculations, | examined collision of singly charged
sodium ion (Na®) with atomic noble gases (Ne, Ar, Kr and Xe). |
calculated the ionization and electron capture total cross sections as a
function of the projectile energy in the energy range between 10 keV and
50 MeV. Moreover, | calculated the ionisation differential cross sections
for impact energy of 60 keV as a function of the scattering angle and the
energy of the ionised electron. | found that electrons with energies below
10 eV are dominant in the forward scattering. Moreover, for 12 eV
electrons, the DDCSs of backscattering and scattering at 90° show
relatively identical results. | found that the backscattering DDCS was
greater than the scattering DDCS at 90° for both Ne(2p) and Ar(3p) at
electron energies larger than 12 eV. Furthermore, | found that the
backscattering DDCS for Kr(4p) and Xe(5p) was greater than at
scattering of 90° with energies larger than 50 eV.

P[3]: One paper submitted to Scientific reports and support this
dissertation.
P[3]: Impact Score: 4.6, D1.

Thesis point 4

Conducting CTMC calculations, | investigated the collision of protons
with atomic noble gases (Ne, Ar, Kr and Xe). | calculated the ionization
and electron capture total cross sections as a function of the projectile
energy in the energy range between 0.2 keV and 50 MeV. Moreover, |
calculated the ionisation differential cross sections for impact energy of
35 keV as a function of the scattering angle and the energy of the ionised
electron. | found excellent agreement with the previous experimental and
theoretical data.

P[4]: One Paper published in a refereed scientific journal and support
this dissertation.
P[4]: Impact Factor: 1.8, Q2.



Thesis point 5

I employed CTMC calculations to determine the contribution of the inner
sub-shells to the total cross section, additionally, to determine the
contribution of nuclear-nuclear potential on the collision dynamics. The
calculations were performed for the following collision systems: collision
of singly charged lithium (Li™) with atomic helium and nitrogen, singly
charged sodium (Na®) with atomic nitrogen, singly charged sodium
(Na™) with atomic noble gases (Ne, Ar, Kr and Xe), and protons with
atomic noble gases (Ne, Ar, Kr and Xe). | found that the inner shells
contribution is insignificant at low impact energies (hundreds of keV and
less), however, their contribution increases with increasing impact
energies. Moreover, | also have shown that nuclear-nuclear potential has
no significant effect on the collision dynamics.

P[1,2,3,4]: Three Paper published in a refereed scientific journal and
support this dissertation. One paper submitted to Scientific papers and
support this dissertation.

P[1]: Impact Score: 2.53, Q1.

P[2,3]: Impact Score: 4.6, D1.

P[4]: Impact Score: 1.8, Q2.

10



Publication related to the thesis

P[1]. M. Al-Ajaleen, A Taoutioui and K. Tékési. Charge transfer and
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helium and nitrogen atoms. Plasma Physics and Controlled Fusion 65
(2023) 065002. DOI 10.1088/1361-6587/acc6ed

Impact Score: 2.53, Q1.

P[2]. M. Al-Ajaleen and K. T6kési. Total and differential ionization
cross sections in collision between nitrogen atom and singly charged
sodium ion. Scientific Reports 13 (2023) 14080. DOI 10.1038/s41598-
023-41134-0

Impact Factor: 4.6, D1.

P[3]. M. Al-Ajaleen and K. T6kési. Total and Differential Cross Sections
of Collision of Singly Charged Sodium lons with Noble Gases, (under
review by Scientific Reports).

Impact Factor: 4.6, D1.

P[4]. M. Al-Ajaleen and K. T6kési. Interaction of Protons with noble
Gas Atoms: Total and Differential lonization Cross Section. Atoms 12
(2024), 28. DOI 10.3390/atoms12050028
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P[5]. M. Al-Ajaleen, A. Taoutioui and K. Tékési, lonization and electron
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2022. P1b.405, 1-5.

11


https://iopscience.iop.org/article/10.1088/1361-6587/acc6ed
doi.org/10.1038/s41598-023-41134-0
doi.org/10.1038/s41598-023-41134-0
https://doi.org/10.3390/atoms12050028
http://ocs.ciemat.es/EPS2022PAP/html/author.html

List of Conference Publications and Posters

1. M. S. Al-Ajaleen and Karoly Toékési, Interaction of electrons and
positrons with protons aligned in one-dimension line. The 27th
International Symposium on ion-atom collisions-virtual format (ISIAC
2021), July 16, 2021, Cluj-Napoca, Romania. Poster.

2. M. Al-Ajaleen and Karoly T6kési, Interaction of electrons and positrons
with two-dimensional proton lattice. The 32nd International Conference
on Photonic, Electronic and Atomic Collisions- virtual format
(VICPEAC 2021), July 20, 2021, Ottawa, Canada. Poster.

3. M. Al-Ajaleen and Karoly T6kési, Interaction of electrons and positrons
with two-dimensional proton lattice. Virtual Meeting on the Molecular
Dynamics in the GAS phase (MD-GAS 2021) - COST Action
(CA18212): 2nd General Meeting, October 4, 2021. Short
Presentations.

4. M. Al-Ajaleen, A. Taoutioui and K. Tékési, lonization and charge
exchange cross sections induced in collisions between singly charged
ions and He(1s) and N(2p) atoms, International Conference on Many
Particle Spectroscopy of Atoms, Molecules, Clusters and Surfaces (MPS-
2022), June 15-17, 2022, Turku, Finland. Poster.

5. M. Al-Ajaleen, A. Taoutioui and K. Tékési, lonization and electron
capture processes induced in collisions between singly charged ions and
nitrogen atom, 48th EPS Conference on Plasma Physics, June 27, 2022,
Amsterdam (online), Netherlands. Poster.

6. M. Al-Ajaleen, A. Taoutioui and K. To6kési, lonization and charge
exchange cross sections in collisions between singly charged ions and
ground-state atomic nitrogen, 14th European Conference on Atoms
Molecules and Photons (ECAMP14), June 27- July 1, 2022, 2022,
Vilnius, Lithuania. Poster.

7. M. Al-Ajaleen, A. Taoutioui and K. Tékési, lonization and electron
capture processes induced in collisions between Li and He(1s) and N(2p)
atoms, 32nd Symposium on Fusion Technology (SOFT), September 18,
2022, Dubrovnik, Croatia. Poster.

12



Other Publication Not related to the thesis.

1. Musab S. Al-Ajaleen and K. Tékési. Interaction of Electrons and
Positrons with Protons Aligned in One-Dimension Line. Atoms 11 (2023)
46. DOI 10.3390/atoms11030046

Impact Factor: 1.8, Q2.

2. M. Al-Ajaleen and K. T6kési. Interaction of electrons and positrons
with two-dimensional artificially generated proton lattice and with
carbon lattice. Physica Scripta 98 (2023) 075404. DOI 10.1088/1402-
4896/acd969

Impact Factor: 3.081, Q2.

13


https://doi.org/10.3390/atoms11030046
https://doi.org/10.1088/1402-4896/acd969
https://doi.org/10.1088/1402-4896/acd969

References

1. Newhauser, W.D.; Zhang, R. The Physics of Proton Therapy. Phys. Med.
Biol. 2015, 60, R155—-R209, doi:10.1088/0031-9155/60/8/R155.

2.  Schardt, D.; Elsasser, T.; Schulz-Ertner, D. Heavy-lon Tumor Therapy:
Physical and Radiobiological Benefits. Rev. Mod. Phys. 2010, 82, 383—
425, doi:10.1103/RevModPhys.82.383.

3.  XXIl. The Penetration of Atomic Particles Through Matter. In The
Penetration of Charged Particles through Matter (1912—1954); Jens
Thorsen, Ed.; Niels Bohr Collected Works; Elsevier, 1987; Vol. 8, pp.
423-568 ISBN 978-0-444-87003-2.

4, Kruezi, U.; Stoschus, H.; Schweer, B.; Sergienko, G.; Samm, U.
Supersonic Helium Beam Diagnostic for Fluctuation Measurements of
Electron Temperature and Density at the Tokamak TEXTOR. Review of
Scientific Instruments 2012, 83, 065107, doi:10.1063/1.4707150.

5. Bandyopadhyay, I.; Barbarino, M.; Bhattacharjee, A.; Eidietis, N.; Huber,
A.; Isayama, A.; Kim, J.; Konovalov, S.; Lehnen, M.; Nardon, E.; et al.
Summary of the IAEA Technical Meeting on Plasma Disruptions and
Their Mitigation. Nucl. Fusion 2021, 61, 077001, doi:10.1088/1741-
4326/abfe76.

6. Hollmann, E.M.; Aleynikov, P.B.; Fiil6p, T.; Humphreys, D.A.; lzzo, V.A.;
Lehnen, M.; Lukash, V.E.; Papp, G.; Pautasso, G.; Saint-Laurent, F.; et al.
Status of Research toward the ITER Disruption Mitigation System. Phys.
Plasmas 2015, 22, 021802, doi:10.1063/1.4901251.

7. Bakhtiari, M.; Tamai, H.; Kawano, Y.; Kramer, G.J.; Isayama, A.; Nakano,
T.; Kamiya, Y.; Yoshino, R.; Miura, Y.; Kusama, Y.; et al. Study of Plasma
Termination Using High- Z Noble Gas Puffing in the JT-60U Tokamak.
Nucl. Fusion 2005, 45, 318-325, doi:10.1088/0029-5515/45/5/002.

8. Lehnen, M.; Alonso, A.; Arnoux, G.; Baumgarten, N.; Bozhenkov, S.A;
Brezinsek, S.; Brix, M.; Eich, T.; Gerasimov, S.N.; Huber, A.; et al.
Disruption Mitigation by Massive Gas Injection in JET. Nucl. Fusion
2011, 51, 123010, doi:10.1088/0029-5515/51/12/123010.

9. Manas, P.; Kappatou, A.; Angioni, C.; McDermott, R.M.; ASDEX Light
Impurity Transport in Tokamaks: On the Impact of Neutral Beam Fast
lons. Nucl. Fusion 2020, 60, 056005, doi:10.1088/1741-4326/ab77e8.

14



10.

11.

12.

13.

14.

15.

16.

17.

18.

Shiraki, D.; Commausx, N.; Baylor, L.R.; Eidietis, N.W.; Hollmann, E.M.;
Lasnier, C.J.; Moyer, R.A. Thermal Quench Mitigation and Current
Quench Control by Injection of Mixed Species Shattered Pellets in DIII-
D. Phys. Plasmas 2016, 23, 062516, doi:10.1063/1.4954389.
Whyte, D.G.; Jernigan, T.C.; Humphreys, D.A.; Hyatt, AW.; Lasnier, C.J.;
Parks, P.B.; Evans, T.E.; Taylor, P.L.; Kellman, A.G.; Gray, D.S.; et al.
Disruption Mitigation with High-Pressure Noble Gas Injection. Journal of
Nuclear Materials 2003, 313—316, 1239-1246, doi:10.1016/50022-
3115(02)01525-8.
Morozov, D.K.; Yurchenko, E.l.; Lukash, V.E.; Baronova, E.O.;
Pozdnyakov, Yu.l.; Rozhansky, V.A.; Senichenkov, L.Y.; Veselova, L.Y.;
Schneider, R. Mechanisms of Disruptions Caused by Noble Gas Injection
into Tokamak Plasmas. Nucl. Fusion 2005, 45, 882—887,
doi:10.1088/0029-5515/45/8/015.
Brooks, J.N. Analysis of Noble Gas Recycling at a Fusion Plasma Divertor.
Physics of Plasmas 1996, 3, 2286—2292, doi:10.1063/1.871911.
Anda, G.; Dunai, D.; Lampert, M.; Krizsandczi, T.; Németh, J.; Baté, S.;
Nam, Y.U.; Hu, G.H.; Zoletnik, S. Development of a High Current 60 keV
Neutral Lithium Beam Injector for Beam Emission Spectroscopy
Measurements on Fusion Experiments. Review of Scientific Instruments
2018, 89, 013503, do0i:10.1063/1.5004126.
Zoletnik, S.; Hu, G.H.; Tal, B.; Dunai, D.; Anda, G.; Asztalos, O.; Pokol,
G.l.; Kalvin, S.; Németh, J.; Krizsandczi, T. Ultrafast Two-Dimensional
Lithium Beam Emission Spectroscopy Diagnostic on the EAST Tokamak.
Review of Scientific Instruments 2018, 89, 063503,
doi:10.1063/1.5017224.
Hemsworth, R.; Decamps, H.; Graceffa, J.; Schunke, B.; Tanaka, M.;
Dremel, M.; Tanga, A.; De Esch, H.P.L.; Geli, F.; Milnes, J.; et al. Status of
the ITER Heating Neutral Beam System. Nucl. Fusion 2009, 49, 045006,
doi:10.1088/0029-5515/49/4/045006.
Dimitriou, K.; Aumayr, F.; Katsonis, K.; Winter, H. H+—He(1s2) Collisions:
CTMC Calculations of Single lonisation and Excitation Cross Sections.
International Journal of Mass Spectrometry 2004, 233, 137-144,
doi:10.1016/j.ijms.2003.12.014.
Brafias, B.; Tafalla, D.; Tabarés, F.L.; Ortiz, P. Atomic Beam Diagnostics
for Characterization of Edge Plasma in TJ-Il Stellarator. Review of
Scientific Instruments 2001, 72, 602—606, doi:10.1063/1.1319868.

15



19.

20.

21.

22.

23.

24.

25.

Schmid, K.; Manhard, A.; Linsmeier, Ch.; Wiltner, A.; Schwarz-Selinger,
T.; Jacob, W.; Mandl|, S. Interaction of Nitrogen Plasmas with Tungsten.
Nucl. Fusion 2010, 50, 025006, doi:10.1088/0029-5515/50/2/025006.
Bell, M.G.; Kugel, H.W.; Kaita, R.; Zakharov, L.E.; Schneider, H.; LeBlanc,
B.P.; Mansfield, D.; Bell, R.E.; Maingi, R.; Ding, S.; et al. Plasma Response
to Lithium-Coated Plasma-Facing Components in the National Spherical
Torus Experiment. Plasma Phys. Control. Fusion 2009, 51, 124054,
doi:10.1088/0741-3335/51/12/124054.

Wolfrum, E.; Schweinzer, J.; Bridi, D.; Igenbergs, K.; Kamleitner, J.;
Aumayr, F. A Sodium (Na) Beam Edge Diagnostic. Journal of Nuclear
Materials 2009, 390-391, 1110-1113,
doi:10.1016/j.jnucmat.2009.01.282.

Al-Ajaleen, M.; T6kési, K. Total and Differential lonization Cross Sections
in Collision between Nitrogen Atom and Singly Charged Sodium lon. Sci
Rep 2023, 13, 14080, doi:10.1038/s41598-023-41134-0.

Al-Ajaleen, M.S.A.; Taoutioui, A.; Tokesi, K. Charge Transfer and
lonisation Cross-Sections in Collisions of Singly Charged Lithium lons
with Helium and Nitrogen Atoms. Plasma Phys. Control. Fusion 2023,
doi:10.1088/1361-6587/acc6ed.

Garvey, R.H.; Jackman, C.H.; Green, A.E.S. Independent-Particle-Model
Potentials for Atoms and lons with 36<Z<54 and a Modified Thomas-
Fermi Atomic Energy Formula. Phys. Rev. A 1975, 12, 1144-1152,
doi:10.1103/PhysRevA.12.1144.

Tokési, K.; Hock, G. Versatility of the Exit Channels in the Three-Body
CTMC Method. Nuclear Instruments and Methods in Physics Research
Section B: Beam Interactions with Materials and Atoms 1994, 86, 201—
204, doi:10.1016/0168-583X(94)96177-8.

16



U N IVE RSITY Of UNIVERSITY AND NATIONAL LIBRARY

UNIVERSITY OF DEBRECEN

D E B R E C E N H-4002 Egyetem tér 1, Debrecen
Phone: +3652/410-443, email: publikaciok@lib.unideb.hu

Registry number: DEENK/234/2024.PL
Subject: PhD Publication List

Candidate: Musab Salameh Ali Al-Ajaleen
Doctoral School: Doctoral School of Physics
MTMT ID: 10087857

List of publications related to the dissertation

Foreign language scientific articles in international journals (3)
1. Al-Ajaleen, M. S. A., Tokési, K.: Interaction of Protons with Noble-Gas Atoms: Total and
Differential Cross Sections.
Atoms. 12 (5), 1-18, 2024. EISSN: 2218-2004.
DOI: http://dx.doi.org/10.3390/atoms 12050028
IF: 1.8 (2022)

2. Al-Ajaleen, M. S. A., Taoutioui, A., Tokési, K.: Charge transfer and ionization cross-sections in
collisions of singly charged lithium ions with helium and nitrogen atoms.
Plasma Phys. Control. Fusion. 65 (6), 1-8, 2023. ISSN: 0741-3335.
DOI: http://dx.doi.org/10.1088/1361-6587/accéed
IF: 2.2 (2022)

3. Al-Ajaleen, M. S. A., Tékési, K.: Total and differential ionization cross sections in collision
between nitrogen atom and singly charged sodium ion.
Sci. Rep. 13 (1), 1-9, 2023. EISSN: 2045-2322.
DOI: http://dx.doi.org/10.1038/s41598-023-41134-0
IF: 4.6 (2022)

Foreign language conference proceedings (1)

4. Al-Ajaleen, M. S. A., Taoutioui, A., T6kési, K.: lonization and electron capture processes induced
in collisions between singly charged ions and nitrogen atom.

In: 48th EPS Conference on Plasma Physics, EPS 2022. / Klinger T, European P

Society, [Mulhouse], P1b405, 2022. ISBN: 9791096389162

cal.;

17



UNIVERSITY AND NATIONAL LIBRARY
U N IVE RSITY Of UNIVERSITY OF DEBRECEN

D E B R E C E N H-4002 Egyetem tér 1, Debrecen
Phone: +3652/410-443, email: publikaciok@lib.unideb.hu

List of other publications

Foreign language scientific articles in international journals (2)
5. Al-Ajaleen, M. S. A., Tokési, K.: Interaction of Electrons and Positrons with Protons Aligned in
One-Dimension Line.
Atoms. -. 11 (3), 1-10, 2023, EISSN: 2218-2004.
DOI: http://dx.doi.org/10.3390/atoms 11030046
IF: 1.8 (2022)

6. Al-Ajaleen, M. 8. A., Tokési, K.: Interaction of electrons and positrons with two-dimensional
artificially generated proton lattice and with carbon lattice.
Phys. Scr. 98 (7), 1-11, 2023. ISSN: 0031-8949.
DOI: http://dx.doi.org/10.1088/1402-4896/acd969
IF: 2.9 (2022)

Total IF of journals (all publications): 13,3
Total IF of journals (publications related to the dissertation): 8,6

The Candidate's publication data submitted to the iDEa Tudéstér have been validated by DEENK on
the basis of the Journal Citation Report (Impact Factor) database.

09 May, 2024

18



