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Abstract. The first results of Particle-In-Cell simulations of the afestatic sheath and
magnetic pre-sheath of thermionically emitting planagsten surfaces in fusion plasmas are
presented. Plasma conditions relevant during edge lechfirodes (ELMs) and during inter-
ELM periods have been considered for various inclinatidrth® magnetic field and selected
surface temperatures. All runs have been performed undeassumptions for the sheath
potential drop; fixed and floating. The primary focus lies lo@ quantification of the escaping
thermionic current and the suppression factor due to thébawed effects of space-charge and
Larmor gyration. When applicable, the results are compaitrdthe predictions of analytical
models. The heat balance in the presence of thermionic iemias well as the contribution of
the escaping thermionic current to surface cooling areialsgstigated. Regimes are identified
where cooling due to emission has to be taken into accouhtiemnergy budget.
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1. Introduction

The shaping of the tungsten monoblock front surface in higgit ux target areas is the key
remaining physics design issue for the ITER divertor [1hds instigated coordinated cross-
machine experiments [1-4], where specially designed @amting components (PFCs) have
successfully reached melting during exposure to statjoaad transient plasma heat loads.
At such elevated temperatures, the unimpeded thermiomrertudensity, as described by
the Richardson-Dushman formula, should exceed the intiglasma current densities by
several orders of magnitude. It can, thus, be expected ® &atrong impact not only on the
melt layer dynamics[1] but also on the plasma boundary iallaod even global scales. In
particular: (i) thermionic emission could drive the macmsic melt motion by triggering the
replacement current responsible for the: B force acting on the melt layer, (ii) the emitted
electrons remove part of the PFC internal energy and coulcesis an important cooling
channel, (iii) the emitted electrons modify the sheath piéé structure and could alter the
incident plasma heat flux, (iv) the large ejected currentscckead to flux tube charging and
consequent modification of transport in the divertor or geraff layer (SOL) regions.

Itis evident that for the reliable calculation of the tengiare excursions of PFC surfaces
and the quantitative simulation of melt layer dynamics witkdes such as MEMOS [5, 6], the
escaping thermionic current density is a necessary inpug. |dtter can be much lower than
the nominal Richardson value due to two strongly entwinggbsession mechanisms:

e Space-charge effect. For high emitted fluxes comparable to the plasma fluxes, lipcal
accumulated electrons can reach a charge density thatesutbcgenerate a potential
minimum in the surface vicinity. The potential well (or \vigll cathode) forces a fraction
of the thermionic electrons to return to the surface. As altehe escaping current is
not only dictated by the surface temperature but also régailay the space-charge. This
is the so-called space-charge limited regime [7].

e Prompt re-deposition. In the presence of shallow magnetic fields, the low energy
thermionic electrons can return to the PFC surface duriag finst gyration[8,9]. The
recapture probability also strongly depends on the loctdm@l profile, since electric
fields and electromagnetic drifts can either facilitatentibit prompt re-deposition.

There have been numerous theoretical descriptions of spwrge effects in the
unmagnetized limit[10—-13] and of prompt re-depositionfanotonic potential profiles [14—
16]. However, they are not strictly valid for most fusiodeseant scenarios, where the grazing
magnetic field incidence guarantees the importance of proeageposition and the elevated
PFC temperatures ensure that emission is strong enouglofentl wells to form. For
the applications of interest, the determination of theettgries of the strongly magnetized
thermionic electrons in the self-consistent non-mona@héctrostatic potential and of their
possible intersection with the PFC surface is an analyigakractable problem. Nonetheless,
Particle-In-Cell (PIC) simulations offer the possibilibf treating thermionic suppression
without oversimplifying assumptions. The necessity fa€ Bimulations becomes even more
conspicuous when complex castellated geometries aredmyesi[17].
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Here we present the first results of PIC modelling of the ebstatic sheath and magnetic
pre-sheath for thermionically emitting planar tungsteil€Bkinder tokamak-relevant plasma
conditions. The 2D3V SPICE2 code has been employed [18,TI'83.runs were carried out
for various inclinations of the magnetic field and selectatexe temperatures. Two boundary
conditions have been assumed; fixed potential drop and atpadtérop satisfying the floating
condition corresponding to no response and full resporse the plasma, respectively. The
primary focus lies on the quantification of the escapingrthenic current and the suppression
factor due to the combined effects of the space-charge amddragyration. When applicable,
the results are compared with the predictions of analyticadels. The effect of the potential
structure on the impacting heat fluxes and the contributfidhevescaping thermionic current
to PFC cooling are also investigated.

2. Implementation of the problem in the SPICE2 code

SPICEZ2 is a 2D3V Cartesian PIC code, which calculates théomof charged particles in
a prescribed static magnetic field and a self-consisteitralefield [18, 19]. The code is
optimized for the simulation of particles in the electréistaheath and magnetic pre-sheath
of PFCs oriented at oblique angles with respect to the magield. For the purpose of this
study, the code has been extended to include the generdttberaionic electrons and to
incorporate some microphysical aspects of heat excharthehvea PFC surface.

2.1. Modelling of thermionic emission and heat flux collecti

The thermionic current density is described by the RichameBushman formula[20]

i = AuT2ep (—3) ®
whereT; is the surface temperatuiié} is the room temperature work function of the material,
k is the Boltzmann constant amdl is the effective Richardson constant. Neglecting band
theory effects in the density of states, quantum mechaeftatts in electron transmission
through the surface potential barrier and the nearly linearperature dependence of the
work function, one ends up with the nominal Richardson cmisty, = (47wm.ek?)/h3 ~
120 Acm~2K~2[20]. The effective Richardson constant incorporatesethrem-ideal effects
and is generally lower thad, [21]. For atomically clean polycrystalline tungsten, ablie
measurements have yield8d = 4.55 eV [22] andA.z = 60 Acm—2K~2[23]. Thewv, andv,
velocity components of the ejected electrons follow a Mdkar distribution, whereas the
v, component follows a half-Maxwellian distributioé (s chosen to coincide with the PFC
surface normal). The temperature of these distributiorgisl to7; [20].

The routines responsible for the handling of the heat flukdedd to the PFC have been
updated in the following manner(i) When a thermionic electron is emitted, not only its
kinetic energy is subtracted from the given point of theacefbut also an energy equal to the
work function,i.e. B = —(1/2)m.v? — W;[20]. The latter stems from the replacement
electron that is pulled from the bulk to fill the thermal vacgrthus driving a current through
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the vessel. This replacement is assumed to take place attha level [24]. (ii) For each
impinging electron, the total energy added to the interseqtoint with the PFC surface is
given by E5%f = (1/2)m.v? + W;. The second term represents the additional heat generated
during the equilibration of the absorbed electron at thedbghe tungsten valence band.
(iif) Concerning the collection of plasma ions, we have assuniéd’ accommodation and
100% neutralization probability. The former assumption was enadorder to avoid the large
uncertainties that characterize the reflection coeffisiéartlow incident ion energies [25, 26],
whereas the latter assumption is justified by the compaisgtlarge interaction times and the
valence electron availability for tunnelling [27]. For éaabsorbed ion, the total energy added
to the intersection point is given bi*t = (1/2)m;v? + (Uy, — W) + Uy, WhereU,, is
the ionization energyl8.6 eV for deuterium) and’y, is the surface binding energy €V for
deuterium on tungsten [28]). The second term representsthlcheat generated by potential
energy release due to neutralization, while the third tezpresents the energy required to
remove the ion from its local adsorption site [29].

The dependence of the thermionic current on the surfacedetyye implies a strong
coupling between the plasma sheath properties and malexaing. Since the simulation
time is very short £ 1 uS), it is not possible to monitor the self-consistent evoluof the
surface temperature due to the impacting heat fluxes. lhséeeonstant temperatuié has
been implemented for the whole PFC surface, leading to #@gosary uniform emission
of thermionic electrons. In the case of strong re-depasitibthe thermionic electrons, the
finiteness of the grid size and the time step lead to signifinamerical errors on the heat
fluxes deposited to the surface, since the termination poight not be equipotential with
the ejection point. For this reason, the original energy lattv each electron was ejected is
stored in memory during the course of the simulation, andilshihiis electron be reabsorbed,
this exact energy is deposited to the PFC.

2.2. Simulation geometry and boundary conditions

A typical geometry for the SPICE2 simulation box is shownig.E@). The plasma particles
are injected from the top boundary and propagate toward3f@surface at the bottom. The
side boundaries are periodic. The ions are injected intaithelation region with a parallel
velocity distribution function given by 4D quasineutral kinetic model of the scrape-off
layer [30], while the electrons are Maxwellian. We note ithag to the finite ion temperature,
thec, = /(7. + T;)/m; definition of the Bohm speed is employed. The injection ogpila
ions and electrons is fixed regardless of the presence ahtbeic electrons. The possible
violation of quasi-neutrality near the injection plane do¢he escaping thermionic electrons
is handled by source sheath formation, which self-condilsteepels an adequate amount of
plasma electrons and prevents them from entering the sietlitaea.

In Fig.1(b), the compression of the thermionic current foazing magnetic field
incidence is illustrated. The oblique angle between the Blfaces and the magnetic field
allows the spreading of the incoming heat fluxes onto a larga.aOn the contrary, the
thermionic current emitted from the surface is compresggtidmagnetic field into a narrow
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Figure 1. (a) Schematic of the SPICE2 simulation geometry. (b) Iltatgdn of the
compression of the escaping thermionic current densitgifazing magnetic field incidence.

flux tube. This can further increase the already enormoustenincurrent density. If such
a current were to be injected into the plasma, it could leashddification of the scrape-off
layer currents [31, 32] with subsequent effects on trartspor

Tokamak PFCs are made of conducting materials which arecdifpi electrically
connected to the vessel (ground reference). This can lealdctd violation of flux
ambipolarity, meaning that the PFCs can receive non-zearerifrom the plasma[33] (which
then closes through the vessel) and do not have to be elditrloating with respect to the
local plasma potential. Due to the connection to the groemdn in the case of significant
emitted current injected into the plasma, there is no chamgjee absolute value of the PFC
potential. On the other hand, such injected current can teadmodification of the local
plasma potential [34], effectively changing the potendiadp in the sheath. The magnitude
of this response can vary depending on the plasma condiioingnly in the vicinity of the
PFC but possibly in the entire SOL. The determination of smucesponse is clearly outside
the scope of this study. Instead, we will investigate twaexe casesfl) the PFC-plasma
potential difference is fixed at3T. /e, which corresponds to no response from the plasma.
In this case the incoming electron flux is always balancedhkyidn flux only. (2) the PFC
is floating, which corresponds to full response from theplasin this case, the potential is
determined during the course of the simulation by miningzime total incident current, thus
the sheath potential drop is modified by emission in a marragrensures ambipolarity.

2.3. Plasma parameters and scenarios

Results for both inter-ELM and intra-ELM plasmas are préseénbut the primary focus lies
on the former case. For inter-ELM conditions, parametransdn the angle of incidence and
surface temperature have been performed, whereas for EbMteans few selected scenarios
have been analyzed. The motivation behind such choice isfotdn(i) Transient melting
occurs during ELMs, but the PFC remains at elevated temesafor a longer time due to
the finite thermal diffusivity. In other words, the charactc heat diffusion time is longer
than the ELM duration. To be more quantitatidé,ms is a typical ELM cycle duration [2] in
JET with the ELM lastind — 3 ms [40] and the typical intra-ELM PFC temperature rise being
~ 100 — 300 K (see for instance Fig.24 of Ref.[2]). (ii) The inter-ELMgsima heat fluxes are
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much lower than those during ELMs, hence cooling due to tierim emission can become
significant. In a similar manner, the escaping thermionitents during inter-ELM periods
are more likely to play an important role in SOL transporti) @ccurate determination of
the re-solidification instant during inter-ELM periods i&ey aspect of macroscopic erosion
[1,5, 6], since it coincides with the arrest of melt-layertian. (iv) Plasma conditions during
inter-ELM periods are much better characterised than dguebMs, where measurements
with an adequate temporal resolution are problematic dtreetdramatic parameter evolution.

The following plasma conditions were chosen to reflect tgjinter-ELM SOL and
attached divertor conditions in contemporary machiriés= 7, = 20eV, n, = 10" m=3,

B = 3T and deuterium plasma. The magnetic field inclination amgis varied between
5° and90° with respect to the PFC normal, with the near-normal angieevant for leading
edge exposures. We shall study four different surface teatypes:0 K (reference case with
no emission)2900 K (thermionic current of the order of the ion saturation eut), 3400 K
(characteristic re-solidification temperature at the riiteM period when ELMs lead to
tungsten flash melting) ard$95 K (tungsten melting point). Note that f@f = 20 eV electron
induced electron emission is insignificant; secondarytedaemission is negligible [35] and
low energy quasi-elastic electron reflection is arodid [36]. Electron reflection could play
a role in the virtual cathode dynamics, since it concerns lthoé incident electrons and the
redeposited thermionic electrons, but it will not be coesadl in this work.

Forintra-ELM conditions, the plasma parameters employed are relevamiTorype |
ELMs. As a result of computational feasibility consideoas, the scenario S3 from Ref.[37]
has been chosen, which correspondsto= 2 x 10" m=3 and7, = 7; = 100eV. Three
magnetic field orientations were simulated; perpendicuiaidence (which corresponds to
the plasma wetted side of the protruding lamela};: 17.5° incidence (surface of the sloped
lamella) and grazinge = 5° incidence (top surface of the lamellae). The actual angle of
incidence on the top of the lamella (= 2.5°) was not simulated due to computational
limitations. All runs have been performed foy = 3695 K. Even higher temperatures beyond
the melting point would be relevant, but then the vaporaratlux would become significant
and would possibly affect particle and heat transport thhatlhe sheath, thus compromising
the validity of our model and the accuracy of our results. alyn we point out that for
T, = 100 eV electron induced electron emission is still not impotrfas].

The equality of the thermionic electron temperature with H=C surface temperature
results in a large ratio between the plasma and emittedretetgmperatures. For instance, in
the inter-ELM case we havg,/ kT, ~ 70 even forl, = 3400 K and in the intra-ELM case we
haveT,/kT; ~ 300 for T, = 3695 K. Moreover, since the virtual cathode is formed in order to
suppress the emitted electrons, its magnitude should bleeobitder of£7;/e. Numerical
fluctuations present in the SPICE2 Poisson solver correspora very small fraction of
T.,, which can be, however, equivalent to a sizeable fractioh7gf The above imply that
numerical uncertainties set a rather stringent precisioit in the virtual cathode magnitude
and thus also in the thermionic suppression factor.

The following definitions for the current densities are eoyeld throughout the
remaining text;;i° corresponds to theominalunimpeded current density emitted according
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to Eq.(1),j5¢ is theescapinghermionic current density.é. the current density which reaches
the unperturbed plasma),, = j5°™/j5¢ is the thermionic current suppression factor and
T = Jjo/sin « is the parallel escaping current density, wheris the B-field inclination
angle. We also point out that, in an effort to remain consistgth the nomenclatures of
plasma and surface physics, the plasma temperatures aesseg in electron-volts but the
surface and thermionic electron temperatures are exmlasselvin.

2.4. Determination of the mesh size

In the space-charge limited regime, a fine mesh must be eeglmyresolve the magnitude
and position of the virtual cathode. Traditionally, PIC esdise cell sizes that are comparable
to the plasma Debye lengtk, [38]. However, since the cold thermionic electrons that are
responsible for the formation of the virtual cathode arerati@rized by a smaller Debye
length, the potential well typically forms at distances imatoser to the surface thaw, [12]
and the cell size has to be reduced. The potential profileglifterent cell sizesd. are
presented in Fig.2; for (ay = 90° and (b)a = 5°, T, = 3400K and a fixed potential
drop. We assume that the potential profile is well-resol¥gtlé minimum appears farther
than one cell above the surface (located at 3\p in this case). This is due to the fact
that the electric field in SPICEZ2 is calculated as the finifeedknce of potentials between
neighboring grid points,e. E.(z;) = —[¢(zi+1) — ¢(zi-1)]/2d,. Fora = 5°, this condition
is satisfied ford, = 0.1\p, but the well magnitude is matched even for coarser mestas. F
a = 90°, even for meshes as fine és= 0.025\p, the virtual cathode does not appear.

Fig.3 displays the variation of the particle fluxes as a fiamcof the cell sized, for
(@) a = 90° and (b)a = 5°, again for7T, = 3400K and a fixed sheath potential drop.

-2.87 p—p -2.85¢
a) | —d=t b —d =10
) —d =05 ) —d =05
285! d,=0.25 297 d =0.25
§ —d,=0.125 § —-d,=0.125
‘|:'w _._dZ:O.l .':.‘D 295+ _._dZ:O_]_
T 29 d =0.05 T
c —--d_=0.025 c
I3 g -3
o o
[a o
-2.95¢
-3.05+
a =90° a=5°
-3 ‘ ‘ : 31— : !
2.9 3 3.1 3.2 3.3 3 3.5 4
z[A\) z[A]

Figure 2. The potential profile in the vicinity of the PFC surface, untte assumption of a
fixed sheath potential drop, for varying cell siz§ A\, and two magnetic field inclinations:
(@) a =90°, (b)a = 5°.
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Figure 3. The current densities to the PFC surface, under the assumpttia fixed sheath
potential drop, for varying cell sizet. /\p and two magnetic field inclinations: (&)= 90°,
(b) o = 5°.

In both cases, the values are essentially independeddt, af’hich supports the validity of
our simulations. Notice that fon = 5°, the incoming particle fluxes are reduced due
to the glancing angle of incidence and the escaping theimiomrrent is lower due to
prompt re-deposition and virtual cathode formation. Thetuall cathode depth i$,. =

s — Py ~ 0.05T, /e (normalized by the temperature of the plasma electronsgamdsponds
to ~ 3.4kT,/e (normalized by the temperature of the thermionic elecfrorihis implies
that small®,,. variations caused by the insufficiently small grid size canse considerable
variations in the escaping current but not in the collectled$mpa current. In fact, after a
comparison between Figs.2,3, it can be observed that tlapiesccurrent variations mirror
the®,, variations. However, with an appropriate cell sizeselection, such errors can always
lie within 20% of the escaping current, which we consider to be an adequetésn limit.
Overall, in order to properly resolve the virtual cathodedth the targeted scenarios, we will
employd, = 0.1\p in the simulations that follow.

2.5. Role of surface roughness

The geometrical nature of prompt re-deposition suggeséparttiance on surface roughness.
Typical arithmetic mean roughness values for solid PFCeek®ne micrometer[39]. In
the case of molten PFCs, melt layer motion that is driven leyJthx B force, the plasma
pressure or surface tension gradients leads to melt heatgasn the micrometer range [1, 5].
Since the thermal Larmor radius of the thermionic electrisng,;, < 0.5um, the above
imply that roughness can strongly influence thermionic seggion. Assuming a sinusoidal
idealization of the plasma wetted surface, it is straigiéod that electrons emitted from the
crests will less likely be deposited by gyration, whereastebns emitted from the troughs
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will be characterized by increased prompt re-depositioner&fore, in order to determine
whether roughness enhances or mitigates thermionic ssgipre an accurate mathematical
model of the surface at the ;;, scale is required.

Unless advanced body-fitted PIC approaches are followedchwiiequires the
introduction of mapping from a physical space (where themuasmforms to the boundary)
to a logical space domain (where the PIC algorithm is appj#&d, the shape of objects is
approximated by cells of the cartesian PIC grid, which makesapossible to simulate the
realistic profile of a rough surface. Here, in order to acgjgaome qualitative results, emission
from the crests has been mimicked by allowing the emissi@beatrons at distancels above
the nominal surface plane. As expected, it has been obséne¢dor d, < rp,, prompt
re-deposition still forces the thermionic electrons taretto the surface for shallow B-field
angles, but for largef,, the virtual cathode becomes the dominant effect limitivegegscaping
current. Provided that, < 0.1\p, it has been concluded that the results are not sensitive to
the exact value af,. In the simulations that follow, we have employé&d= 0.0001\p, which
essentially corresponds to a perfectly planar PFC.

3. Numerical results and comparison with theory

3.1. Results for inter-ELM plasma conditions

The results of a two-dimensional scan in the angle of inaden= 5, 10, 20, 45, 90° and
the surface temperatufie = 0, 2900, 3400, 3695 K - for both fixed and floating conditions -
are presented in this section. In the following figures, ti&ldines always represent results
for a fixed sheath potential drop and the dashed lines for arfgpaurface.

The potential profile and the emergence of the virtual cathddse to the emitting
surface are shown in the previous section. Here we focuseodepth of the virtual cathode
- shown in Fig.4(a) - normalized to the surface temperatdfi¢ghin our accuracy level, when
T, = 2900 K, emission is not strong enough for the space-charge ldmégime to be reached
and the potential is still monotonic. This is also true whign- 3400 K anda = 90°, but only
for the fixed potential drop condition and not for the floato@ndition. In all other cases,
the potential well exists and is always deeper for the flgationdition (for the sam@;, «).
The potential well depth is of the order of one to a fel /e with a clear increasing trend
as the inclination angle decreases. This might appear asvgloat counterintuitive, since it
could be argued that the enhanced suppression of emissioto dite increased effectiveness
of prompt re-deposition at shallower angles would sufficegpttevent charge build-up and
thus virtual cathode formation. However, simultaneoukly $mall angle of incidence leads
to the reduction of the plasma electron current density,egsing the ratio of the parallel
escaping electron current density to the incoming electnament density, which can be
confirmed by dividing the data presented in Fig.5(ckhya. In addition, the Larmor radius
of the thermionic electrons is smaller but still comparabléhe distance of the potential well
from the surface, which clearly implies that even the etadrthat are promptly re-deposited
contribute to negative space-charge accumulation.
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Figure 4. (a) The depth of the virtual cathode,. in units of kT /e (for each temperature
respectively) as a function of the inclination angle. (beTloating potentiaibg in units of
T./e as a function of the inclination angle for different surfaemperatures. The solid lines
represent results for a fixed sheath potential drop and thlgeddines for a floating surface.

The floating potential (normalized to the electron tempeegtas a function of the
inclination angle is illustrated in Fig.4(b). Naturalljagrmionic emission shifts the floating
potential towards more positive values, thus the escapiagrtionic current is compensated
by an increased incident electron current as compared tadhesmitting case. The most
positive values are reached for the least suppressed emisghich is realized at normal
incidence. Despite the potential shift, the PFC surfacagbwvyemains negative with respect
to the plasma and an inverted sheath behavior is never @gsdiis worth pointing out that
the floating potential in absence of emission fluctuatesrate8r’, /e, these small deviations
are indicative of the accuracy level of the PIC simulations.

The escaping thermionic currents are shown in Fig.5(a)r(d)arious normalizations.
Fig.(a) presentgi© as a fraction of the nominal current given by the Richardsmmbtila,
i.e. the suppression factag,. In absence of the virtual cathodg, = 2900 K, the surface
emits100% of the Richardson current for near-normal incidence. Folinations 0f20° and
below, prompt re-deposition starts to be effective, prmmgdan extra reduction in addition to
the space-charge effect. In Fig.5(b) the parallel escapimgnt densityii, = jee/sina is
plotted in absolute magnitude. The values of the paralleh@sg current density are high,
from abovel00 kA/m? at grazing angles up toMA/m? at normal incidence. Finally, the
escaping current is expressed as fraction of the incomewrein and ion fluxes - Figs.5(c,d) -
in order to enable a straightforward comparison with thétling cases described by analytical
models, as we shall see in subsection 3.3.

In Fig.6(a), the cooling flux to the PFC due to the escapingntienic electrons is
compared with the heating flux to the PFC due to the incidexsirph in an effort to address the
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Figure 5. The escaping thermionic currejf expressed (a) as a fraction of the nominal
current given by the Richardson—-Dushman formula, (b) aallehcurrent density in absolute
units, (c) as a fraction of the incident electron flux, (d) dsaation of the incident ion flux.
Plots as a function of the inclination angle for differentfaue temperatures. The solid lines
represent results for a fixed sheath potential drop and thleeddines for a floating surface.

contribution of thermionic emission to the energy balancethe fixed potential drop case;
For T, = 3400, 3695 K and near-normal inclination angles, the cooling flux isloé brder
or above 5@ of the plasma heat flux, thus thermionic cooling of the s@facsignificant.
However, for grazing incidence, this ratio drops towards10%, as emission gets more
severely suppressed - see Fig.5(a). In the floating casggrélegs of the inclination angle
and the surface temperature, the cooling flux remains bel@ df the plasma heat flux.
This is mainly due to the fact that the incident heat flux digantly increases due to the shift
of the floating potential towards more positive values - sigetfb).

Fig.6(b) depicts the total heat flux received by the PFC nbmeh by the total plasma
heat flux incident to a non-emitting( = 0K) surface. Such an alternative representation
allows us to determine whether thermionic emission neells tmnsidered in the total energy
balance and the sheath heat transmission coefficient. Wthifloating condition, thermionic
emission indirectly leads to heating by increasing themkaseat fluxes due to the positive
shift in the floating potential which overcomes the direatlogg effect. This is a well known
phenomenon from the literature of dust dynamics in fusionads [42, 43]. Within the fixed
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Figure 6. (a) The cooling flux to the PFC due to the escaping thermioldct®ns g
expressed as a fraction of the incident plasma heat flyxgs (b) The total heat flux
¢toy received by the PFC normalized by the incident plasma heaedlg,. for a non-
emitting surface{; = 0K). Plots as a function of the inclination angle for diffetesurface
temperatures. The solid lines represent results for a fixedts potential drop and the dashed
lines for a floating surface.

potential drop condition, thermionic emission only leadgsdirect cooling since the depth
of the virtual cathode is negligible if. /e units leaving the plasma heat fluxes essentially
unaffected. It is worth emphasizing that for grazing incice in the fixed potential drop
condition, regardless of the surface temperature, thehet flux is nearly the same as in the
non-emitting case, which is a clear consequence of theglyrenppressed emission.

3.2. Results for intra-ELM plasma conditions

During ELMs, the plasma species temperatiite= 7; is several times higher than during
inter-ELM periods. Regardless of the magnetic field ind¢lmaangle, the sheath thickness
will approximately scale aé o (rp;, \p) o< /T, and thus the normal electric field at the
PFC surface will scale a8 ~ ¢,/h o< /T, for a monotonic profile, which results to a larger
repelling field for the emitted electrons unless the virtahode appears. On the other hand,
the plasma density is only moderately increased and thumtigent particle fluxx nv/T

is not dramatically modified, which implies that the emissstrength af’; = 3695 K can be
expected to suffice for the sheath to enter the space-charged regime. The results of the
PIC simulations for selected scenarios (see subsectiymz3ummarized in Table 1.

The results follow the same trends as for inter-ELM plasniascept for the case of
normal inclination within the fixed wall condition, the wiidl cathode is present and its
magnitude increases for shallower angles. As far as thedattiepth and the sheath potential
drop are concerned, the results are close to the inter-Eléviast even quantitatively; the



On thermionic emission from plasma-facing componentskart@ak-relevant conditions13

Table 1. PIC simulations forly; = 3695 K and plasma parameters relevant to JET Type |
ELMs,i.e. ne = 2 x 10 m—3 andT, = T; = 100 eV. Results for varying inclination angles
and different sheath potential drop assumptions.

Sheathdrop o O [kTi/e] Pq [To/e] nuw =I5/ 30™ I [KAIM?] g5°/ qine

Fixed 90 0.0 -3.00 1.0 5100 0.11
Fixed 17.8 2.68 -3.00 0.09 440 0.03
Fixed 5.0 3.74 -3.00 0.006 31 0.01
Floating 90 0.96 -0.84 0.38 2017 0.02
Floating 17.8 3.00 -1.65 0.04 223 0.01
Floating 5.0 3.78 -2.15 0.005 27 0.006

values presented in Fig.4(a) and (b) are within— 15% of those presented in Table 1. The
escaping emitted current is still strongly inhibited bug guppression factor is few-to-several
times larger compared to the inter-ELM results shown in3ay). As expected, PFC cooling
due to thermionic emission is negligible compared to the mepacted by the ELM plasma

fluxes, since the heat fluxes scale:ds"/2.

3.3. Comparison with theoretical models

Let us initially discuss the space-charge limited regimthaun-magnetized limit. The first
analytical treatment of the problem in connection to thet llesv through the sheath has
been carried out by Hobbs and Wesson [10]. The case of a fipsiirface, mono-energetic
collisionless ions and zero temperature emitted electveass studied. The analysis of the
Poisson equation allowed the determination of algebranclitions for the emergence of the
non-monotonic potential which restricts the emission enirito a value slightly below the
incident electron current (we shall refer to this ratio asical yield o.). Under the same
assumptions for the ions, this treatment has been exterydegklhmura and collaborators [12]
for arbitrarily biased surfaces and finite emitted electemperatures.

The normal incidence results can be compared with theselsdet the floating surface
under inter-ELM plasma conditions, from Fig.5(c) it can lixserved that, fof; = 2900 K,
the emission is not strong enough for the virtual cathodetmf However, once the surface
temperature is high enough, the limit of the critical yiedd€achedy, = 1 — 8.3/m./m;,
which is0.86 for deuterium ions - in accordance with the simulation valfer 7, = 3400 K
and3695 K. For the floating surface under intra-ELM plasma condisidhe simulation result
is 0. = 0.88 which is also very close to the theoretical one. The Hobbs\aesson model
also predicts that the floating potential assumes the higitialue of—1.027, /e, while the
simulations lead te-0.757 /e for inter-ELM, see Fig.4(b), and-0.85T7 /¢ for intra-ELM,
see Table 1, conditions. The discrepancy is within the aoyulevel of these runs, briefly
discussed in section 2.

For the biased surface, the Takamura model [12] providesagbtforward estimate of
the escaping thermionic current in terms of the incomingdfiiox (ion saturation) in the limit
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of zero emitted electron temperature. For intra-ELM plasmaditions no virtual cathode
was formed at normal incidence, thus only the inter-ELM lsguresented in Fig.5(d) can be
employed for comparison. In particular, comparison isiedrout with the results presented
in Fig.3 of Ref.[12] for the bias 0f- 3T, /e. The latter yield$3 js.. wherejq.. = engy/T./m;.

For T, = 3695 K, our PIC simulations lead tb3j..; wherej... = eng\/(T, + T})/m; which
corresponds td8j,,; in the Takamura normalization. The source of such a diso®pes
currently under investigation.

It is important to emphasize that, for normal magnetic fieddsl independent of the
sheath potential drop condition, the escaping currentitjesisould obey the relatiof® =
Jjhomexp (—e®y./kT;) as a consequence of the Maxwellian distribution of the thenin
electrons and of the conservative nature of the repelliectestatic potential. Substituting for
the Richardson—-Dushman formula, we end up wijth = A.g7? exp [—(W; + e®.)/kTY],
which implies that the virtual cathode effectively increashe material’s work function. With
the values provided in Fig.4(a) for the inter-ELM cases, @@ calculate the escaping current
density according to this expression and compare it witlPtieresults, the computed values
are illustrated by green circles in Fig.5(a). The deviaiare within15% in either direction,
which is the limit of accuracy of the PIC results. For the fiogtcase under ELM conditions,
the computed result 539 and coincides with the PIC ratio 6f38 provided in Table 1.

We proceed with a brief discussion of prompt re-depositidii.analytical treatments
of emission in the presence of obligue magnetic fields [1pai® based on the assumption
of a monotonic potential profile and are thus valid for weakntmderate emission strengths.
Under this assumption, the repelling electric field competeh return due to gyro-motion.
On the other hand, in the presence of the virtual cathoderthted electrons are accelerated
towards the surface, which also further enhances promgépesition. Since the magnitude
of the potential well is dictated by the escaping currerd gffiects of space-charge and prompt
re-deposition are entangled and cannot be studied selyarate

We shall compare our PIC results with the zero electric fimtdgt lof the Igitkhanov and
Janeschitz model [16] in order to illustrate the importaotéhe inclusion of self-consistent
electrostatic fields in the calculation of the emission sappion factor. The model provides
the escaping current in terms of the space-charge limite@cuato0° (see Fig.2 of Ref.[16]
for 5 = 0). Since prompt re-deposition is most significant at shakkmgles, we compare
values for inclinations below(°; For inter-ELM plasmas, the suppression factor provided
by Ref.[16] is~ 0.25, ~ 0.2 and~ 0.1 versus the PIC results of 0.15, ~ 0.05 and
~ 0.025 for 15°, 10° and 5°, respectively. For intra-ELM plasmas, the suppressiotofac
provided by Ref.[16] is~ 0.3, ~ 0.1 versus the PIC results of 0.13, ~ 0.016 for 17.5°
andb5°, respectively. To sum up, the inclusion of self-consistdattrostatic fields leads to a
reduction of the suppression factor compared to pure ggtarn that is larger than a factor of
four for nearly grazing incidence.
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4. Summary and conclusions

The electrostatic sheath and magnetic pre-sheath of theicaily emitting planar tungsten
surfaces has been simulated with the 2D3V SPICE2 PIC code emtphasis put on the
thermionic suppression factor due to space-charge anddragymation effects as well as on
certain aspects of energy exchange with the surface. Thenfptasma conditions assumed
are relevant for inter-ELM periodd{ = T, = 20eV, n, = 10 m=3, B = 3T, deuterium
plasma) but also for intra-ELM period§( = 7; = 100eV, n, = 2 x 101 m=3). Two
boundary conditions have been considered; fixed sheatmtmadtelrop which implies no
response from the plasma to the injected thermionic curfieatting surface potential which
implies a full plasma response. In many experiments, theaasttuation might correspond to
an intermediate plasma response between these two diealigtopposite limits, hence the
applicability of the results has to be judged for individagperiments.

Fixed sheath potential dropfFor normal magnetic field inclination and for the surface
temperatures investigated hefe € T,,.,,w = 3695 K), the virtual cathode forms only under
inter-ELM conditions and at melting point temperaturesisTimplies that under intra-ELM
conditions the thermionic current is totally unimpededestst up tol; = 3695K. As the
inclination angle becomes more shallow, the thermioniqsegsion factory, = j&¢/ o™
rapidly decreases, since prompt re-deposition becomes eftective. Under inter-ELM
plasma conditions anfl, = 3400 K, the PIC results arg,;, = 1, 0.1, 0.01 for & = 90, 20, 5°.

On the other hand, at the melting point we haye= 0.2, 0.03, 0.001 in the inter-ELM case
andny, = 1, 0.4, 0.006 in the intra-ELM case forv = 90, 20 (17.5), 5°, respectively. As a
result of the suppression, in the inter-ELM case, the sartamwling flux due to thermionic
emission is comparable to the incoming heat flux at near-abangles but this ratio is
drastically reduced up tt) — 15% for grazing angles. On the other hand, for the limited intra-
ELM scenarios investigated, this ratio decays frodfi to 1% for normal to5° inclination. It

is also worth pointing out that owing 8, > kT, and®,. ~ kT /e, the incident plasma heat
fluxes are not affected by the potential well.

Floating surface potential.Simulations have revealed that for normal magnetic field
inclination the potential well can be formed for lower termrgdares than in the fixed potential
condition. The thermionic suppression factgr strongly decreases for grazing angles in the
same manner as above. Under inter-ELM plasma condition§:ard3400 K, the results are
nn = 0.4, 0.05, 0.01 for « = 90, 20, 5°. On the other hand, at the melting point we have
nw = 0.1, 0.015, 0.01 in the inter-ELM case and,, = 0.4, 0.04, 0.005 in the intra-ELM
case fora = 90, 20 (17.5), 5°, respectively. In contrast to the depth of the potential tineit
is ~ kT /e, the positive shift of the floating potential in the presentemission is~ T, /e.
This implies a drastic increase in the incoming electronigarand heat flux, which masks
cooling due to electron evaporation. Consequently, uridebbundary condition, thermionic
emission leads to significant indirect heating of the s@fac

Future work will focus on the determination of the thermmsuppression factor for
geometries (leading edge and sloped design) and plasméioosdinter- and intra-ELM)
relevant for repetitive transient tungsten melting expents recently carried out in ASDEX
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Upgrade [4]. The suppression factor constitutes an impoitgput to melt-layer motion
simulations of the macroscopic erosion profile [5, 6] thdt e compared to the post-mortem
surface topography. Concerning modelling updates, thggtierm goal is to study the effect of
spatial temperature gradients and realistic three dimmeasgeometries on thermionic current
suppression but also to include electron induced electnoisston, which is expected to be
important for intra-ELM plasmas witth, > 300 eV.
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