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Motivation

»ITER dust - Be (?) and W
» DEMO dust > W

Amount of solid dust in fusion reactors is limited by safety regulations: dust can be
> tritiated

» toxic (Be)
» chemically active (e.g. with water vapour, production of H, and risk of explosion)

Nuclear licensing imposes in-vessel inventory limits:
> In ITER mobilizable dust limit is 1000 kg

> but much smaller amounts allowed on hot surfaces

Thus metallic droplet/dust survival and dust inventory is of main concern
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Dust inventory evolution in fusion reactors
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Melt events in fusion devices — source of droplets

K. Krieger et al
Nuclear Fusion 58 (2018)
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Dust transport studies

A spherical dust particle/droplet is injected with given initial conditions into a given plasma background

Generic equations for the time evolution of the dust position, mass, enthalpy/temperature and (floating)
electric potential

dzf)d - de de
ez Fiot 4 ot ar Qtot Itot(<pd) =0

The total current and heating power include contributions from the relevant surface processes:
electron and ion collection, thermionic and electron-induced electron emission, ion-induced electron emission,
lon neutralization and backscattering, thermal radiation, vaporization

Lot = Ie + z Lij + Igigg + Inge + ITE
J
b
Qtot = Ue + Z(Qi,j + Q7 + 01" + Qgige + Queg + Qe + Qraa + Quap
J

The functional form taken by each of these contributions can vary depending on the length scale ordering
between the dust size and the plasma species’ Debye lengths, Larmor radii and collisional mean free paths.

Modelling of incident heat and surface cooling fluxes is carried out through the incident particle fluxes
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Surface process - overview

» The physical processes by which condensed matter ejects electrons into the ambient:
v'Electron induced electron emission (secondary electron emission, electron backscattering,
guasi-elastic electron reflection)
v’lon induced electron emission (kinetic electron emission, potential electron emission)
v'Thermal field emission (field electron emission, thermionic emission, thermally-assisted field
emission, field-assisted thermionic emission)
v'Photoelectric emission

» The physical processes by which condensed matter ejects atoms and ions into the ambient
v'Surface evaporation
v'Physical sputtering
v'lon backscattering
v'Chemical sputtering



Thermionic emission

» Thermionic electrons are bound electrons that are ejected to the ambient from the interior of a metallic body
mainly as a consequence of their thermal agitation.

» In thermionic emission (TE), electrons are mainly emitted by an entirely classical over-the-barrier mechanism
when their normal kinetic energy exceeds the height of the surface potential barrier. The free electron theory of
metals (assuming a non-interacting Fermi gas) is typically employed for the derivation of key results.

Herring C and Nichols M H 1949 Rev. Mod. Phys. 21 185

> In general, there are different thermionic emission regimes that are dictated by the competition between quantum
tunneling and over-the-barrier escape. The regimes can be formally defined in a plot of the surface temperature
versus the accelerating field strength. If distinguishing between regimes is based on the field strength (i.e. at
constant surface temperature)

o Classical thermionic regime (no external accelerating (for emitted electrons) electrostatic fields)
o Schottky regime (very weak external accelerating electrostatic fields)
o Extended Schottky regime (weak external accelerating electrostatic fields)
o Field-assisted thermionic regime (moderate external accelerating electrostatic fields)
[For plasma-facing components the last three of importance for future machines
Tolias, Komm, Ratynskaia, Podolnik, NME 25, 100818 (2020) ]

» The process is not quantified by a yield, since it is not caused by the incidence of particle fluxes. It is quantified
by expressions for the emitted electron current density which strongly depend on the surface temperature, the
material composition and the external normal electrostatic field. 8



Richardson-Dushman formula

W, TE electrons are (half) Maxwellian
Jen(Ts) = Aesr Ts exp <— kol ) with T =T, = COLD
S

» The thermionic current density is very sensitive to the
.

material work function, since it quantifies the height of the surface barrier that is crossed by the valence electrons
Ii. surface temperature of the body, since it quantifies the strength of the thermal excitations that lead to the over-the-
barrier emission.

» Good thermionic emitters should have a low work function and a high boiling / melting point.

oo We = 4,25eV
5 (- _
10 (d) | (tantalum)

| | W = 4.55ev
£ 100{ | (tungsten) Surface cooling due to escaping thermionic electrons Ty,
< | | Wi =4.96eV Gre = Don(Wr + 2 kpT,)
£ ' ! (rhenium) te th\""f B's
S 01t ] (filling the thermal vacancy)

ol NB: in plasmas escaping does not always follow
2000 2500 3000 3500 4000 4500 5000

Richardson-Dushman formula due to current limitation
T,.K
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Strongly emitting dust

» Well known for the planar wall case: “space-
charge limited sheath”, “virtual cathode”,
“potential well” [Hobbs and Wesson, Plasma
Phys. 9 85 (1967); Takamura et al, Contrib.

Plasma Phys. 44 126 (2004)]
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Emitted electrons bring their own length
scales into the problem. Strong emission of
cold electrons — small Debye length

Strongly emitting grain [Delzanno & Tang, PRL 113
035002 (2014)]
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Strongly emitting dust

» Well known for the planar wall case: “space- Strongly emitting grain [Delzanno & Tang, PRL 113
charge limited sheath”, “virtual cathode”, 035002 (2014)]
“potential well” [Hobbs and Wesson, Plasma OML+ model:
Phys. 9 85 (1967); Takamura et al, Contrib. » Corrections only when the dust is positively charged
Plasma Phys. 44 126 (2004)] » Knowing the critical dust potential ¢ is enough

» Modify the OML trapped-passing boundary
condition for emitted electrons only

Relation Q4 = 4 ey ry ¢gq no longer holds

.@

. . o e 0.3 . . . 14
Magnetized multi-emissive sheaths
. PIC-guided scaling laws: 021 131
Pq Komm, Ratynskaia, Tolias et al 2017 PPCF 59 0.1¢ a2 12]
Komm, Tolias, Ratynskaia et al 2017 Phys. Scr. 014069 ol 2 11
Komm, Ratynskaia, Tolais, Podolnik, 2020, NF 60 5 =
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Chemical and kinetic contributions

Incident plasma fluxes I';, ', and emitted thermionic electron flux I';,
The kinetic components g, ; and q, . depend on the dust potential

W IS the work function

Incident ions : q;, =1} (Z]Z-=1 Ul]Z —Z Wr + Usb) + Qi

Neutralization with the valance electrons
U;, IS ionization energy, Z is charge number, U, surface binding energy

Incident electrons: qe = Lo Wr+qre

Absorbed electrons equilibrate at the top of the valence band

Escaping thermionic electrons:  qe = I'epy (Wr + 2 kgTs) surface cooling

Filling the thermal vacancy, assumed at the Fermi level



Importance of the magnetic field

o B fields in tokamaks are typically of several teslas (ITER baseline 5.3 T)

o Regimes of interest
o Dense and cold divertor regions: n, ~ 1022 m3, T, ~ 1 eV
o Disruption scenarios with transient profiles

o Magnetized electrons: Rg > Rje, Ape
o lons generally unmagnetized or weakly magnetized, 1, < Ry < Ry;

o Models addressing such regime exist for probes (Bohm 1949, Cohen 1960, Sanmartin 1970)— adaptation
to dust simulations Vignitchouk, Ratynskaia, Tolias Plasma Physics Control. Fusion 59 (2017)

—OML
—RyR =10
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Microphysics of electron absorption

» Main parameters: Ap, = 2 um, R; = 4 um, R;, = 6 ym, T, = 2 eV

» Direct measurements of the dust temperature via thermal radiation

» Statistically meaningful study of many (> 1000) measurements

» Conclusion: W, contribution to electron heat flux is crucial for such cold plasmas (e.g. detached divertor)

20 20 7000 | - \iGRAING w/ w, : ]
. —---MIGRAINe w/o W, =
E 10 10 & 6000 g ]
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2 | 0 % 5000 ST ]
@ o S o
a g' =
810} 10 © 4000 B E ' |
E) E E . 4 [ E
-20 -20 Q3000r L e-TRfiE et it ]
30 30 2000 L : . |
0 1000 -20 -10 0 10 20 =30 =20 =10 0 10
Plasma light [a.u.] Axial position [mm] Vertical position [mm]

Vignitchouk, Ratynskaia, Kantor et al, Plasma Physics Control. Fusion 60 (2018)
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Microphysics of ion absorption

EXAMPLE: Be droplets in disrupted plasmas
» Multiply charged Be ions present due to PSI
» Multiply charged Ne ions present due to MGl
» High ionization states persist after T, drop (DINA simulations for ITER)
» Newly created Be droplets are generated and injected in this environment

-
9.3 eV 18 2eV 153.9eV 217.7eV -
Ne 21.6 eV 41.0eV  63.4€eV 97.1eV  126.2eV

Implications for dust survivability In disrupted plasmas

i =gkt 2 , — ZiWs

_, U} (Be) = 400 eV for Be** — 380 eV due to microphysics
_ UijZ(Ne) ~ 350 eV for Ne>* — 325 eV due to microphysics

10-20% reduction of the contribution due to potential electron emission (Auger, autoionization) should be expected, the yields can exceed 5
but the average ejection energy is less than 10 eV.

These are extrapolations, no data available for multiply-charged ions on Be metals 15



Example:

Survival and in-vessel
redistribution of Be droplets
after ITER disruptions



Be dust production from transient melt events
during ITER disruptions

External input: disrupting plasma profiles and droplet injection points
Assumptions: range and distribution of droplet sizes and speeds from theoretical estimates

Massive Ne'injection '

Temperature [eV]

Charge number
I
I

=] o
I
1

k
/

Vignitchouk, Ratynskaia, Tolias, Pitts et al,
0 | ' | — | | ! Nuclear Fusion 58 (2018)

12

Time [ms]



Be dust production from transient melt events
ER disruptions

MIGRAINe simulation output: droplet-to-dust conversion rates, identification of
dust accumulation sites, size distribution of accumulated dust

during |

Dust mass distribution [a.u.]

051

MD VDE
Small Medium Large Small Medium Large
Modal droplet radius (gm) 30 75 120 30 75 120
Vaporized mass (%) 40.2 26.7 18.3 88.5 67.9 50.1
Liquid mass (%) 56.5 71.3 80.7 10.9 31.0 49.2
Dust mass (%) 33 2.0 1.0 0.6 1.1 0.7
3 pm dust fraction (%) 26.1 11.9 0.5 48.6 233 31 o o
2nd modal dust radius (4m) 17 65 105 Low conversion effigiency into solid dust
T 140 T T T T
A—> — Small size ULLN —— Small size ULLN
- = -Medium size ULLN 120 |= = ~Medium size ULLN
! Large size ULLN § Large size ULLN
) 100 A B
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D q g l : I'. e ! '\| L’\
< JEAE o N
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Inboard-to-outboard wall coordinate [m]

Inboard-to-outboard wall coordinate [m]
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Adhesion, remobilization and
dust-wall collisions



Mechanical impacts

Newton’s 2d law » The contact radius a
» The relative approach «a
Mga +P =0 » The contact force P ‘ R,

(chosen positive when compressed and
the force tends to separate the bodies)

The energy budget of the impact is given by

1 a o
. Simplified visualization of a sphere-plane contact
EMd > +f P(a)da' =0 P PRETE

Compressive work W (a)
by the contact forces from
the contact initiation to the
current time

Elastic impacts (Herz’s theory) + dissipative effects (plasticity and adhesion)

20



Mechanical impacts: force — displacement diagrams

Normal Hertzian elastic impact

The shaded area W,,; represents
the total compression

work done during the impact,
which is equal to the sphere’s
initial kinetic energy W, = W;,;

P -
Contact
force at yield

Q.-—————————————

Normal elastic-plastic impact

Plastic deformations are initiated
at a contact force threshold P,.
Out of the initial kinetic energy
W, = W; + W, of the sphere,

W, is recovered after the impact
while W; is dissipated into
irreversible deformations.

<> >
cm Lwy
=+ P Pull-off force

Normal elastic-adhesive impact
JKR theory [Johnson, Kendall and Roberts,
Proc. R. Soc. A 324 (1971) 301]

Initial energy W, = W, - W;

The energy W; is dissipated to
detach the surfaces at the end of
the impact, rebound energy W,- W,

21



Main quantities of interest : normal impacts

Adhesive velocity v&" in elastic-adhesive impacts (Newton’s equation+ JKR theory )
Johnson, Kendall, Roberts, Proc. R. Soc. A 324 (1971) 301)

V3 \/1+6x22/3< rs

1/6
adh _— 1/3 ~ f
s ew m/s
5 pﬁE*ZRS> /

vS
P4, Rq are dust mass density, radius, E* the reduced Young modulus, I' the interface energy
For vi* < v3" adhesion forces make grain stuck to the surface, while
for v+ > v34" collision is inelastic owing to the irreversible work %md (v&am)2

2 5 1/2
. : . by . : .
Yield velocity vy, = V1o (Pd E*) in elastic-perfectly plastic impacts

py is limiting contact pressure, typically 1.6 — 2.8 oy, where o, is the yield strength
For v;i- > v), dust impact energy is enough to cause plastic deformation, while
for v < v, the collision is totally elastic when ignoring adhesion

Basic picture:
» gradual reduction of normal velocity = value below the adhesive velocity = dust is adhered to the wall

» Size selectivity; smaller dust stucks easier, larger dust under more collisions

» Outcome of collision can be predicted by restitution coefficients e, (rebound to incident speed ratio) the normal impact of
elastic—perfectly plastic adhesive spheres [Thornton C. and Ning Z. 1998 Powder Technol. 99 154], e, function of vi-, v&" and v,
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Validation in plasma environments (Pilot-PSI)

Photron FASTCAM SA11 mo Fhotron FASTCAM SA11 mo... Photron FASTCAM SATT mo... Photron FASTCAM SAT.1 mo..
30000 s 130000 s8¢ 192% 720 30000 ifs 1/30000 sec 192 x 720 30000 /s 1130000 sec 1923% 720 30000 ifs 1730000 sec 102% 720
Rafale 41394 image : 9256 +00:00:00.308533(1) Rafale 41304 image : 17029 +00:00:00. 56 T633(1) Rafale 41394 image : 33020 +00:00:01.100667(1) Rafale 41394 image - 10058 +00:00.00 335267(1)
Date : 2014/12/2 Tirme : 00:-1 Date : 2014/12/2 Time : 00:-1 Date : 201411212 Time : 001 Date : 201411272 Tirme : 00:-1

Ratynskaia et al, JNM 463 877 (2015)
Shalpegin et al, NF 55 112001 (2015)
Tolias et al, NME 12 524 (2017)




Validation in plasma environments (Pilot-PSl)

Spatial resolution down to 6.5 pm/pixel achieved in Pilot-PSI (spherical 5-25um W dust) NF 55 (2015) 112001

| b)
| B field

(@) small loss of normal velocity, e, = 0.7, e;= 0.95; (b) substantial loss, e, = 0.2, ;= 1; (c) sticking ; (d) multi-bouncing

Plasma not relevant for instantaneous impacts

» Dissipation of v L due to adhesive and plastic losses & nearly preserved v || (frictionless contact)
» No rebound when (i) normal velocity < sticking value (ii) High temperature

otftrm/0m ——0mm—m——mm—m———7———7— 108 '2h .= 4 "' Y ~ “““ ]
- py =60, -a- 6:0"-15" ] o P gY %o o |
0.6F : . —e— G 15°=30" A ‘z. v W‘ * ’.~0 ¢
05; & :4%%} St 08 0 gl o WVW"":"; e ]
CEs Ly . ; g e e ]
04F | /7 vy ok t‘i‘ P | Thomton and Ning approach, ¢ 06/ ™
®r g3t . Ly o A elastic-perfectly plastic —A-6:0°-15"
0.3_ k J A “‘ A ] . 04* o o
: Al 2 A : adhesive spheres Powder “i-e-6:15°-30°
025 py = ZE U}r & ¥ 4 E TeChnOI 99 (1998) 02 :__v_ 9 : 300_450
0.1F ¢ . —e—0:45-75 _
: : 00—
0OE L .
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Be dust production during ITER disruptions

Output: droplet-to-dust conversion rates, identification of dust accumulation sites, size distribution of

accumulated dust
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Main guantities of interest . remobilization under steady-state

» Multiple collisions of dust with the wall - gradual reduction of normal velocity - value below the adhesive
velocity - dust is adhered to the wall

» Plasma forces can remobilize dust but they need to overcome adhesion.

» Pull-off force minimum normal force to separate two bodies (in the JKR model):
|Fy| = |Fyo| = 3nTRy/2 o Ry

> For smooth surface: Plasma forces («x R3) and gravity (« R3) cannot detach 10 um sized W dust, for ITER
divertor parameters

2rSsc 3 rabs 3 rkkk 6
Fpo ~10°F;; ~10°F;;° ~10°Fg""~ 10 F:q
Tolias, Ratynskaia, De Angeli et al, PPCF 56 123002 (2016)

» Size scalings suggest that larger dust or agglomerates can remobilize more easily

*** The contact charge for spherical conducting grain lying on conducting plane in the presence of uniform E field

[Lebedev and Skalskaya 1962] )



Validation in plasma environments- cross-machine study

Tolias et al, PPCF 56 (2016) ; Ratynskaia et al, NME 12 569 (2017)
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Validation in plasma environments- cross-machine study

Cross-machine study: W-on-W exposures in linear devices, reverse field pinches, tokamaks.
Tolias et al, PPCF 56 (2016) ; Ratynskaia et al, NME 12 569 (2017)

» Similar results despite the strong variation of the plasma parameters.

» On average, Iar(ﬁe dust grains (= 10um) and a%ggFomerates remobilize much more easily, as expected from simple
scalings > smaller dust expected to reside on

» Overall dust remobilization rate is higher than estimated. Fn

Overlald SEM prior — post exposure to Pllot-PSI g

t)r stl‘on 1 dls laced Y
g y p ,, Direct lift-up condition:

F{' + Fg > F,, F!

Adhesion is weaker
than JKR predictions?

Sliding condition: Fj > pg(F, — F[' — Fg)
Depends on static friction coefficient value G. M. Burdick, et al., J.
: . Nanopart. Res. 3 (2001) 455
. t n
Rolling condition: M;+F;{(Rq —6) > a (F, = F{' = Fg) 1y A Hubbe Colloids Surf. 12
In the typical small deformation limit R; > a, &§ (1984) 151
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W-on-W adhesion: measurements - -

. A cexperimental: bulk W

First measurements of W-on-W adhesion with electrostatic detachment 5 = theoretical: Van der Waals
method for spherical monodisperse um W dust (high purity, no porosity,
excellent conductivity) Riva et al, NME 12 593 (2017)

Similar results by other groups with AFM Peillon et al, J. Aerosol Sci. 137 (2019)

Rdnum

» The measurements: contact mechanics models (JKR, DMT) overestimate the adhesion torce by ~
2 orders of magnitude. The standard van der Waals expression agrees well with experiments.

» Contact mechanics models implicitly assume that extremely short range strong metallic forces generate adhesion, van der
Waals models explicitly assume that long range weak induced multipole interactions generate adhesion.

» Metallic bonding results from electron exchange interactions characterized by extremely short range and negligible beyond
1nm.

» Surface roughness ~ of few nm suffices to switch the dominant contact force from metallic bonding to van der
Waals attraction = dramatic decrease of surface energy

» Tokamak relevant heat treatments below the W recrystallization range lead to increase of the
W-on-W adhesion force up to two orders of magnitude irrespective of the dust size Tolias et al, MNE 24 100765 (2020) .



W-on-W adhesion versus gravity

Let us consider the scenario of weakest adhesion that corresponds to rough contaminated surfaces and very low speed
dust deposition. Based on the experimental results, this implies a retarded Hamaker constant A ~ 10~1°] and a distance of
closest approach z, =~ 0.4nm with the adhesion force given by

Fagh = — R
adh 623 d

The ratio of the adhesion force over the gravity scales as Fygn/F; o« 1 /R34, which immediately reveals that gravity becomes
negligible for small dust grains.

107F

105_

10007 W-dust adhered on a
planar W substrate (Pilot-
10} 1 PSI campaign).
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Remobilization under ELM-like heat loads: general picture

Do all grains melt or only those exhibiting macro-morphological changes (coalescence, spreading)?

» Clusters and agglomerates can melt much easier than isolated grains: physical connection of top grains to cooler
substrate through bottom grains - smallness of contact area and the low thermal contact conductance imply
poorer heat conduction

» Wetting induced coagulation: top grains receive most of incident heat flux and melt - bottom grains shadowed
from incident heat flux, receive less through conduction, remain solid - top molten grains wet the bottom solid
grains - larger dust

Why do the molten clusters remain or even tend to be spherical?

> Liquid metals excellent wettability on their own solids: 8y < 90° in TE - spherical W droplets under ELMs,
O:,s¢ > 90° - they spread on bottom solid dust or W substrate - perfect sphere-on-sphere wetting leads to
sphere, perfect sphere-on-plane to film

» Spreading dynamics driven by surface tension, limited by viscous dissipation: spreading vs resolidification rates
—> latter very fast due to short ELM duration, in inter-ELM periods dust grains resolidify as spheres not enough
time to spread on PFC!

31



Remobilization under ELM-like heat loads: general picture

No observation of melting of isolated dust grains: despite large statistics
Recurring evidence of top-bottom wetting: especially for monodisperse dust

Strong interplay between wetting and
resolidification (short ELM duration):
Spreading dynamics do not fully evolve,
signature capillary waves frozen by
resolidification

Ratynskaia et al, Nucl. Fusion 56 (2016) 066010 32



Summary

Modelling of metal dust—plasma & dust—wall interactions is genuinely inter-disciplinary as, in addition to plasma
physics, it involves electron emission physics, impact mechanics, condensed matter physics & contact mechanics.

»|TER licensing imposes in-vessel inventory limits

»Modelling of droplet survival: heat budget and initial release conditions (inertia dominated dynamics)

»Numerical tools available (e.g. MIGRAINe dust dynamics code with all relevant surface physics and dust-wall
collisions) for evaluating self-consistently momentum and energy transfer from plasma particles to the dust

»Droplet release: sizes & speeds depend on the mechanism (PFC melting under fast transients, RE, arcing, ...)

»Contact mechanics model for dust-vessel collisions work well as plasma is not relevant for instantaneous
impacts —> Formation of accumulation sites can be predicted reliably

»Adhesion/remobilization modelling can be guided by contact mechanics models but peculiarities of fusion
relevant surfaces and plasma effects make extra complications (surface roughness, increased temperatures) -
Remobilization of pre-existing dust
o under ramp-up/steady-state plasmas: lift-up only above a threshold size
o under ELMs: contact strengthening due to increased temperature - inhibited remobilization + formation of
larger droplets by wetting-induced coagulation
33



Aspects not discussed In this presentation

“* Non-ideal effects on adhesion: impurity films, atmospheric contaminants, surface roughness, heating

% Non-plasma induced remobilization:
» magnetic moment force (for magnetic dust)
» vibrational de-attachment
» hydrodynamic mechanisms (in presence of gas/air flow)

* Rotational dynamics: spinning droplet (inertia vs surface tension) and spinning dust (inertia vs yield force)
destruction

% Fuel retention - Oxidized tritiated tungsten dust may behave like dielectrics and sustain charge due to -
decay

For an exhaustive overview of dust in nuclear fusion reactors and present day machines see

Dust and powder in fusion plasmas: recent developments in theory, modeling, and experiments,
S. Ratynskaia, A. Bortolon, S. I. Krasheninnikov, Reviews of Modern Plasma Physics 6, 20 (2022)

Modelling of dust generation, transport and remobilization in full-metal fusion reactors,

S Ratynskaia, L Vignitchouk and P Tolias, Plasma Phys. Control. Fusion 64 044004 (2022)
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Extra slides
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Surface processes

Electron-induced electron emission

36



Electron-induced electron emission (EIEE)

» The impact of an electron stream on the surface of a bulk material is typically accompanied by the re-
emergence of several electrons that can be categorized into different groups according to their generation
process. Each group is quantified by its respective yield or coefficient.

» In terms of particle and energy fluxes, the most important groups are

o Secondary electrons, i.e. emitted electrons that were initially bound to the material prior to their
excitation by the incident electrons (quantified by the secondary electron emission yield §)

o Backscattered electrons, i.e. incident electrons that were in-elastically reflected from the interior of the
material after their penetration (quantified by the electron backscattering yield 1)

o Reflected electrons, i.e. incident electrons that were quasi-elastically reflected by the potential barrier
located at the ambient-material interface (quantified by the electron reflection coefficient R)

» The total electron-induced electron emission yield is an additive quantity that is given by
o=0+n+R

o For very low incident energies, quasi-elastic electron reflection is dominant.
o For low and intermediate incident energies, secondary electron emission is dominant.
o For high incident energies, electron backscattering is dominant.



Energy transfer in EIEE

» In absence of electron emission, an incident electron of energy Ej,. that is impinging on a metal target will
gradually lose its energy in inelastic collisions with the valence and core electrons of the target.

» Ultimately, it will accommodate at the top of the valence band after it thermalizes with the metal and acquires

a kinetic energy G) kgT,, -2 the energy transferred to the targetis Ej,. — (3/2)kgTy,

» However, the electron is no longer free but it is bound to the metal with a binding energy that is equal to
minus the work function Wx.

3
Qe = Einc — EkBTm + Wk

» In the presence of electron emission, the average exit energies of the emitted electrons need to be
subtracted together with the binding energy contribution. Introducing a cooling term

—Qc = 6Esgg + NEgps + REQER — O-EkBTm + aWs

where o = § + n + R for the total EIEE yield.

Esge = 2Ws  Egps = 0.6Einc Eqer~Einc
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Surface processes

lon-induced electron emission

39



lon surface neutralization

> Relatively low energy (sub-keV) singly charged ions that are present in the Angstrém vicinity of metal surfaces are
neutralized in a very effective manner owing to the relative large interaction times and the valence electron
availability for tunneling.

» Systematic ion beam experiments confirmed that neutralization probability approaches 100% at sub-keV energies.

» Surfaces get positively charged when absorbing ions, because they lose negative charge for the ion neutralization
and not because they directly gain positive charge.

» Owing to the very high neutralization probability, ion backscattering and ion sputtering do not constitute charging
mechanisms in contrast to electron backscattering

» lon neutralization can take place as a result of one of the following electron transfer mechanisms:
o resonant transitions involving one valence electron
o Auger transitions involving two valence electrons
o combinations of resonant and Auger transitions
o radiative transitions involving one valence electron (highly improbable for sub-keV incident energies)
o guasi-molecular transitions involving one core metal electron (highly improbable for sub-keV incident energies)
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lon-induced electron emission (lIEE)

» The impact of an ion stream on the surface of a bulk material is typically accompanied by the re-emergence of
several electrons that can be categorized into different groups according to their generation process. Each group
Is quantified by its respective yield

» In terms of particle and energy fluxes, the most important processes are
o lon induced potential electron emission, a pure surface phenomenon where the energy required for the bound
electron excitation and subsequent ejection is provided by the internal energy stored in the ions that is released
when they are neutralized at the surface (quantified by the yield y;,)

o lon induced kinetic electron emission, a nominally volume phenomenon, where the energy required for the
bound electron excitation and subsequent ejection is provided by the kinetic energy carried by the ions that is
released during their inelastic collisions with the bound electrons (quantified by the on yield yy)

» The total ion-induced electron emission yield is an additive quantity that is given by
Y =Ykt

o For very low incident energies, there is no kinetic electron emission.
o For very high incident energies, there is no potential electron emission.
o For certain ion / target combinations, there is no potential electron emission regardless of the incident energy.



Energy transfer in neutralization and lIEE

» In absence of electron emission, ion backscatteringl, sputtering: a singly charged ion of energy Ej,. impinging on a
metal target will be first neutralized, then gradually lose its enerﬁy in inelastic collisions with electrons or elastic
collisions with nuclei and finally accommodate at the surface. Three contributions to the energy transferred to the target:

v Kinetic contribution equal to the difference between the incident ion energy and the thermal energy, Ei,. — (3/2)kgTy,

v" Neutralization contribution equal to the difference between the electron binding energies that are the ionization energy and work function (irrespective
of neutralization process, the electron hole will reach the valence band top in equilibrium), U;, — Ws

v' Accommodation contribution equal to the surface binding energy, U,

3
Qi = (Einc - EkBTm> + (Uiz - Wf) + Ugp

» In absence of electron emission, ion backscattering, sputtering: a multiply charged ion of energy Ej,. will follow the
same path, but the neutralizations will be multiple. Overall, with z the charge state

3 Z
0 = (E : EkBTm> (D, U —2w) + Uy
1=

> In gresence of electron emission, ion backscattering, sputtering, the average exit energies of the emitted particles need
to be subtracted together with the blndlngi_energy contribution ?work function, surface binding energy and vaporization
enthalpy, respectively). Introducing a cooling term

_ 3 _ 3 _ 3
_Qc =Y EIIEE - EkBTm + Wf) + R (Eibs _ EkBTm + Usb) +Y (Esp o EkBTm + hv)

with y the ion-induced electron emission yield, R the ion backscattering yield and Y the sputtering yield.
EPEE = (Ui, — 2Wp)/2 EKEE = 2 W Eibs ~0.5Ejnc EspNUsb
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Surface processes

Non-plasma induced electron emission
(thermionic emission only)
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Thermionic emission

» Thermionic electrons are bound electrons that are ejected to the ambient from the interior of a metallic body
mainly as a consequence of their thermal agitation.

» In thermionic emission (TE), electrons are mainly emitted by an entirely classical over-the-barrier mechanism
when their normal kinetic energy exceeds the height of the surface potential barrier. The free electron theory of
metals (assuming a non-interacting Fermi gas) is typically employed for the derivation of key results.

> In general, there are different thermionic emission regimes that are dictated by the competition between quantum
tunneling and over-the-barrier escape. The regimes can be formally defined in a plot of the surface temperature
versus the accelerating field strength. If distinguishing between regimes is based on the field strength (i.e. at
constant surface temperature)

o Classical thermionic regime (no external accelerating (for emitted electrons) electrostatic fields)

o Schottky regime (very weak external accelerating electrostatic fields)

o Extended Schottky regime (weak external accelerating electrostatic fields)

o Field-assisted thermionic regime (moderate external accelerating electrostatic fields)

Last three of importance for future machines Tolias, M. Komm, S. Ratynskaia and A. Podolnik, NME 25, 100818 (2020)

» The process is not quantified by a yield, since it is not caused by the incidence of particle fluxes. It is quantified
by expressions for the emitted electron current density which strongly depend on the surface temperature, the
material composition and the external normal electrostatic field.
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Richardson-Dushman formula

Wk
]th(Ts) = Aetr Ts2 exp <_ kBTS> .

» The thermionic current density is very sensitive to the
.

material work function, since it quantifies the height of the surface barrier that is crossed by the valence electrons
Ii. surface temperature of the body, since it quantifies the strength of the thermal excitations that lead to the over-the-
barrier emission.

» Good thermionic emitters should have a low work function and a high boiling / melting point.

oo We = 4,25eV
5 - ]
10 (d) | (tantalum)

| | W; = 4.55ev
£ 100{ | (tungsten) Surface cooling due to escaping thermionic electrons Ty,
< | | Wi =4.96eV Gre = Cen(Wr + 2 kpT,)
) - | (rhenium) Ate ™ SR ATES BYs
S 01t ] (filling the thermal vacancy)

ol NB: in plasmas escaping does not always follow
2000 2500 3000 3500 4000 4500 5000

Richardson-Dushman formula due to current limitation
T,.K
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Vapour pressure

Vapor pressure, atm
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Particle-induced electron emission from tungsten
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