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ABSTRACT

We study tungsten prompt re-deposition process at the divertor plates via kinetic modelling of the
JET SOL for different divertor plasma parameters. Our simulations demonstrate that contrary to
the present assumptions the electric field and not the Lorentz Force is the major contributor to the
prompt re-deposition process. The fraction of tungsten ions escaping from the divertor plasma is
defined by the number of tungsten atoms ionized outside the magnetic sheath and does not exceed
3% of the ion sputtered from the divertor surface. We derived the corresponding fit function for

estimation of the re-deposition coefficient.

1. INTRODUCTION

Tungsten is a favorable divertor surface material in present-day and future tokamaks [1]. However,
tungsten sputtering and penetration into the core can lead to significant radiation reducing plasma
performance. As a result, the development of precise models of tungsten generation and transport
in the plasma edge is one of critical tasks in fusion plasma study. Among others, the effective
tungsten sputtering yields is of particular interest. Due to low ionization potential W atoms can be
ionized in the vicinity of the divertor and re-deposit back to the divertors without contribution
to the actual sputtering [2 - 6]. Therefore, it is necessary to estimate the effective tungsten sputtering
yields, or re-deposition coefficient, f,,,,,: Y= (1 = £, ;omp) Y- Commonly accepted model of this
re-deposition (or so called prompt re-deposition) is based on the assumption that ions ionized near
the divertor plates re-deposit due to Larmor rotation. By assuming that all W atoms are ionized at
the distance [, , from the divertors surface and neglecting all other forces except the Lorentz force

won

one obtains the following analytic expression [4, 6]:

f})mmpl (ne ’ Te) = (1 + (lion/ pW)2 )_1: (1)

where n, , T, , B and py, are the electron density and temperature, the strength of the magnetic field
and the Larmor radius of the (singly ionized) W ion.

In reality, there are other forces acting on W ions, which (as we see below) can not be in general
neglected in estimation of f,,,,.., [7, 8]. The forces acting on W ions near the divertor plates are:
the force of sheath electric field F, = Z eE,; The Lorentz force F; = Z, e[V, x B],; the main ion
drag, F;=m,V; v, and the thermal, F;}l = al-vaaTi / 0x, forces; as well as the electron thermal force
Fy= aGZfV(')Te / ox. Here,m,,, Vy, V; and T, ; denote the W ion mass and velocity, the main ion flow
velocity, and the electron and the main ion temperatures; furthermore, the subscript “n” denotes
a projection to the normal to divertor surface directed along the x axes, v, is the slowing-down
collision frequency [9], and «,; coefficients of the order of unity [10, 11]. We note that the plasma
sheath, where the re-deposition process takes the place, is a strongly non-uniform layer where
ions are not fully magnetised. Hence, the above-given expressions for F; and F/ f/j are used just for

quantitative estimation of the corresponding forces.



The aim of the present work is to investigate tungsten re-deposition process via kinetic modelling,

where all forces acting on W ions are included in a self-consistent manner.

2. DESCRIPTION OF THE SOL MODEL

The forces acting on W as well as plasma parameters in front of divertor plates can strongly depend
on the velocity distribution functions (VDF) of the electrons the main ions in the plasma boundary
[12]. In order to self-consistently obtain particle VDF in the divertor plasma we consider a slab
model of the SOL bounded between the two divertor plates, separatrix and outer wall. This model
is simulated by quazi-2D electro-static massively parallel PIC/MC (Particle in Cell/Monte Carlo)
code BIT1 [7, 13].

The code simulates the electrons, the main ions (D+), the neutrals (D, C, W) and the impurity
jons (W', C™",n=1,.6,m=1,2) taking into account Coulomb and atomic collisions between
these particle species. During the simulation hot electrons and D" ions with the Maxwelian VDF are
injected into the source region, corresponding to the particle and heat transport across the separatrix.
D" ions (and D atoms) absorbing at the divertor plates are recycled as D atoms with a specified
recycling coefficient R. C atoms are injected from the divertor plates at fixed injection rate, 10°'m s
The C™" impurity is used to cool down electrons at the divertor region to realistic temperatures; the
cooling rate is “controlled” by switching on/off the electron — C*" excitation collisions.

Neutral particles (treated in 2D approximation) can propagate along the poloidal direction too
and are removed from the simulation if they reach the separatrix, or the outer wall. Impurity ions are
treated in “quasi-2D”: they are removed from the simulation with the “frequency” corresponding
to the cross-field diffusion coefficient D ~ 1m®/s and the cross-field gradient length ~ 1cm.

Different SOL parameters, corresponding to the L- and H-mode plasmas, and ELMy SOL, are
obtained by changing the following input parameters: i. strengths of the particle (S,) and the heat
(§)) sources, ii. temperatures of the source particles (Tg ;) iii. The recycling coefficient R, and iv.
the electron — C* collisionality. Other details of the simulation model can be found in [7, 14].

Contrary to our previous model (see [7]), in the present work we do not consider complex W
sputtering process, but inject Maxwell distributed W atoms at the divertor plates with a given
injection rate, F’ iW"j =5x 10*'ms"". This value exceeds by the factor ~ 5-8 the sputtered W atom
flux density observed in our previous work [7] and chosen as a compromise between the simulation
accuracy (increases with increasing flux) and an artificially high concentration of W ions, which
is still low enough not to influence significantly divertor plasma parameters. In order to study
the dependence of f,,,,,,, on the VDF of injected atoms we consider different temperatures of the
injected W atoms, Ty , from 1 to 15¢V. This choice of the injection VDF and of the temperature
range has been made in order to keep universality, i.e. independence from the sputtering model, and
to cover all energies of interest. As an example in Figure 1 are plotted sputtered W atom effective
temperatures, Ty, = 2/3 [ Efy;(E)dE as a function of impinging particle energy, E, , where f,(E) is

a Thompson distribution frequently used in W sputtering models [15]:
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Here m, and E are the impinging particle mass and the corresponding surface binding energy.

The re-deposition coefficient is obtained as =F ‘f,iv/F {;’j ,where F ‘f,iv is a total flux of W ions

Fovom
re-deposited back at the divertor surface.

The set of parameters used in the simulation is given in the table 1. The magnetic field has
been assumed to be 27. Each case consisted of two sets of simulation: first, the stationary state has
been reached without W injection; then W atoms have been injected from the divertors until a new
stationary state has been reached (after few W™ gyro-periods, 7y,). All the results have been averaged
over Ty,. In the simulation we used 60 000 cells along the poloidal direction. The number of the main
ions per cell was 45 —750. Simulations have been performed on 128 — 4096 processors. The CPU

time used per case was 50 000 — 250 000 processor hours (strongly depends on SOL parameters).

3. SIMULATION RESULTS

Divertor plasma parameters and the corresponding profiles are given in Table 2 and plotted in Figure
2. These simulations cover wide range of parameters corresponding different discharges at JET.
In order to estimate W ion concentration we plotted the profile of Zg;; )y Zl-zniv /n,, where niv is the
density of W' ions. As we can see the profile of Zg} in the divertor pleisma depends strongly on
the initial energy of W atoms (i.e. 7)), but outside 1c¢m from the divertor surface it drops for any
values of T,,. The obtained re-deposition coefficients are plotted in Figure 3, where for convenience
The

distribution of re-deposited ionization states is plotted in Figure 4. This distribution depends on

we consider f=1 - f,

orompr- AAS We can see, the analytic expression (1) underestimates

divertor plasma parameters as well as on the initial energy of W atoms. The later is expected, because
energetic W atoms can penetrate deeper into the plasma and after ionization the newly born ions
have to travel longer path before they re-deposit to the divertor surface. In general, at least 80% of
the re-deposited ion flux is curried by singly and doubly ionized W ions.

In order to understand these results we analyse the forces acting on W ions plotted in Figure
5. As one can see, practically in all the region where most of the W are ionized, x €[0, /;,,], the
electric field force by order(s) of magnitude stronger than other forces. Hence, most of the ions re-
deposit back due to the sheath electric field and only the ions born outside the strong electric field
region (i.e. outside the magnetic sheath) can escape from the divertor plasma. The forces, which
can contribute to pulling out of W ions, are the Lorentz and the ion thermal one (other forces are
negligibly small). In order to estimate which of these two forces is dominant we print in the table 2
the ratios of the Lorentz and the ion thermal forces to the electric field force at the distance /., from

won
the divertor surface, F;/Fg| ., ,F,/F]| .According to these estimates, there is no correlation

x= lion

between F,/Fy| . _, and the re-deposition coefficient, while there is a significant correlation between
i

F,, /F| and f,

pulling out of ions from the vicinity of the magnetic sheath.

=1 rompr- L 1S indicates that probably the ion thermal force is a main contributor to



Let us construct a fit function, which can be used for estimation of fp According to our simulations

rompt*
there are two main parameters defining prompt re-deposition. The ﬁﬁst one is related to the number
of 1ons which can born outside is the magnetic sheath and can be characterised by the ratio of W
atom ionization length, /;,, to the magnetic sheath width, ~ p, (p; is the main ion gyro-radius). The
second parameter is the ratio of the ion thermal force (which is pulling out W ions) to the average
electric field (a force pushing back the W ions). In the vicinity of the magnetic sheath we estimate
these forces as follows: F;}l ~dT; /0x ~ T, Ip;, F, ~ edAqy, 10x ~ T, /p;, where Agy, ~ T, /e is the
potential drop across the magnetic sheath. Using these parameters we construct a following simple

fit function satisfying correct limits, lim f,,,,,,, =0, }im Jorompe = 1t

li(m_)oo

-1
[T
fprompt ~ (1 + af?j ’ (3)

where a is some constant and plasma parameters are taken at the magnetic sheath entrance. In

Figure 6 are plotted f,, from PIC simulation and from the Eq. (3) with a =0.01, showing fairly

rompt

good agreement.

4. CONCLUSIONS
Prompt re-deposition is a complex process involving the electric field, the Lorentz and the ion thermal
forces. Contrary to existing opinion, not the Lorentz, but the electric field is the main contributor
to the W ion prompt re-deposition to the divertor plates. Moreover, it seems that the ion thermal
force is responsible for the fraction of ions escaping the divertor plasma. For the JET relevant
parameters the vast majority of sputtered W is re-deposited back and can’t enter the plasma. The
fraction of W ions leaving the divertor plasma does not exceed 3% of the sputtered atoms even for
most favourable conditions. This fraction can be estimated from the Eq. (3).

In order to apply these results to other machines two conditions have to be satisfied. First, the

sheath electric force has to be stronger than the Lorentz force acting on W ions. In other words

Fy IFg ~ Vy, eBp; IT, ~ /mi/mw /TW/T,./Te < 1. This condition, due to large mass ratio my, /m;,
is satisfied for most of the divertor plasmas. Second, the majority of W atoms have to be ionized
inside the magnetic sheath, /,,, < 5p; (~ typical width of the magnetic sheath). As an example, in

Figure 7 is plotted [,,,, /5p; as a function of plasma density and temperature for ITER. The dashed

line indicates the applicability limit of our model.
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Case | S,m’s' |S,MWm”| T,eV T)eV | TiWevV | e+C™ R
1 255x 107  1.06 120 250 8.0 off 0.0
2 127x10%| 142 120 250 8.0 off 0.95
3 255x 107|447 120 250 8.0 off 0.99
4 255x 107  4.16 120 250 8.0 on 0.99
5 127x10%| 00 700 1200 8.0 off 0.0
6 255x 107|449 120 250 1.0 off 0.99
7 255x 10| 447 120 250 50 off 0.99
8 255x 10| 448 120 250 150 off 0.99
9 255x 107 438 120 250 50 on 0.99

Table 1: Simulation parameters. The case 5 corresponds to a middle size (~ 300kJ) ELM.



Case n, m> T,eV T.eV liy,mm | F;/Fg F [;l IFg | Jorompt
ID 247x 10" 66.6 47.6 189 | 0296 | 1017 | 09735

1 OD 237x 10" 74.1 510 1.93 0278 | 1.127 | 09777
ID 3.82x 10" 59.9 18.1 136 | 0.153 | 0.115 | 0.9933

’ OD 335x 10" 69.4 20.1 150 | 0.150 | 0.139 | 0.9850
ID 3.56 x 10" 25.1 7.6 0.183 | 0.0501 | 0.0078 | 0.9946

’ OD 194 x 10" 430 106 | 0270 | 0.0428 | 0.0041 | 0.9937
ID 701 x 10" 8.8 53 0.094 | 00720 | 0.0256 | 0.9983

! OD 325x 10" 18.9 75 0.176 | 0.0532 | 0.0154 | 0.9957
ID 338x 10" 199 262 1.12 | 00696 | 1.184 | 0.9845

’ OD 349x 10" 200 277 1.08 | 00681 | 1341 | 09877
ID 394x 10" 240 70 0.169 | 0.0183 | 0.0085 | 0.9968

° OD 1.80x 10" 44.6 109 | 0278 | 00163 | 0.0053 | 0.9968
ID 3.60x 10" 249 74 0.181 | 0.0406 | 00079 | 0.9976

! OD 192 x 10" 432 105 | 0270 | 00342 | 00044 | 0.9946
ID 357x 10" 254 75 0.183 | 00677 | 0.0073 | 0.9995

i OD 1.83x 10" 442 106 | 0284 | 00586 | 0.0045 | 09972
ID 747 x 10" 8.6 5.6 0.086 | 0.0726 | 0.0266 | 0.9991

’ OD 3.59x 10" 18.4 76 0.169 | 0.0535 | 0.0154 | 0.9978

Table 2: Divertor plasma parameters from the PIC simulation. All parameters are averaged over Imm distance from
the divertort surface (approximately equals to the width of magnetic sheath). Accuracy of f,,y, calculation is 2 x 1 0.
Here and below “ID” and “OD” denote inner and outer divertors, respectively. F, | Fy, and F,, Fy, are force ratios at
the distance lion from the divertor surface.
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Figure 1: Effective temperature of sputtered W atoms, with Thompson energy distribution (2), as a function of impinging
ion (D, Be, W) energy.
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Figure 2: Plasma profiles in the inner divertor plasma. Numbers on the plots correspond to the cases from the table 1.
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Figure 3: Prompt re-deposition coefficient from Eq. (1) and from PIC simulations. “*” denotes the cases 4 and 9.
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Figure 4: Distribution of the re-deposited W ion flux over ionization states. a) Dependence on the initial W atom
temperature; b) dependence on plasma parameters.
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Figure 5: Forces acting on singly ionized W ion in the magnetic sheath. a) and b) correspond to the low and high
collisional cases, 1 and 3, respectively.
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Figure 6: Prompt re-deposition coefficient from PIC  Figure7:n =1,,,/5p;as a function of plasma density and
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simulations and the corresponding fit function (3)  temperature for ITER. Following assumptions are made:

(witha:0.0])vsle’ﬂ%. B=5T,T,=T,=T, Ty = 10eV.
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