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Abstract

In a fusion reactor, the ability to use liquids as plasma-facing components (PFCs) depends on their interaction with
the plasma and the magnetic field. One important issue for the moving liquid is the ability to entrain particles that strike
the PFC surface (helium and hydrogen isotopes) while accommodating high heat loads. To study this problem, an
analytical model and a two-dimensional comprehensive numerical model have been developed and implemented in the
HEIGHTS computer simulation package. The models take into account the kinetics of particle injection, motion and
interactions with the liquid lattice, and the ultimate release from the surface. The models were used to investigate an
important issue, whether He particles can be pumped by the PFC liquid rather than requiring a standard vacuum
system. Hydrogen isotope (DT) particles that strike the surface will likely be trapped in the liquid-metal surface (e.g.,
lithium) due to the high chemical solubility of hydrogen. The impinging He particles in the established low-recycling
regime at PFCs could be harder to pump using the standard vacuum pumping techniques. The analysis results indicate
a reasonable chance of adequate helium self-trapping in flowing lithium as PFC without active pumping. © 2002

Published by Elsevier Science B.V.

1. Introduction

One of the most challenging areas for fusion power
production in a tokamak device is the development of
plasma-facing components (PFCs) that can withstand
high heat and particle fluxes during normal and abnor-
mal events. Renewable liquid metal surfaces offer sig-
nificant advantages over the standard solid components.
However, the ability to use liquids as divertor surfaces
depends on their interaction with the plasma and the
reactor’s strong magnetic field. One important issue that
will influence the selection of liquid surfaces is whether
the moving liquid will entrain particles that strike
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the surface while still accommodating high heat loads.
Particle entrapment, in particular, could determine the
viability of specific liquid candidates as renewable di-
vertor surfaces. Hydrogen isotope (DT) particles strik-
ing the surface will most likely be trapped in the lithium
surface because of the high chemical solubility of the
hydrogen in liquid lithium. This will result in a low-
recycling divertor and a high edge temperature (several
hundred electron volt) [1].

There are several implications of a low-recycling
divertor on plasma performance. An important issue is
whether He can be pumped at low density by a standard
vacuum system. If helium particles are not entrained in
the surface and must be pumped out of the divertor,
then standard vacuum pumping techniques must be
used. However, the low-recycling regime also results in a
low density and pressure at the pump ducts. Because
helium is a difficult species to vacuum pump, it may be
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more difficult or impossible to obtain adequate pumping
in this situation.

The potential for any of the liquid candidates (e.g.,
Li, Sn, Ga, flibe) to work satisfactorily depends on
whether particles with negligible chemical solubility
(for example, He in Li and DT in flibe) become en-
trained in the surface for a long enough time to be re-
moved from the divertor chamber. If He is entrained
in lithium and so removed, the lithium system would
eliminate the need for separate vacuum pumping and,
therefore, would become more attractive. On the other
hand, complete recycling (little or no entrapment) would
make He removal from the lithium system difficult or
impossible.

The overall understanding of particle dynamic en-
trapment in liquid surfaces is crucial to assessing their
viability for divertor operation. The purpose of this
study is to investigate whether a liquid lithium layer will
pump/absorb the incoming flux of helium, deuterium,
and tritium. The kinetics of particle penetration, motion,
and interactions with the liquid lattice, along with the
ultimate release from the surface, are modeled in this
analysis. Two models, an analytical and a numerical
one, are developed in this study. The analytical model
offers a quick assessment of He removal efficiency as a
function of system parameters of both the incident He
particles and the flowing liquid-metal surface. The in-
tegrated numerical model is more general, with a wide
range of applications and various boundary condi-
tions. The numerical model is implemented with the
HEIGHTS package [2], which takes into account the
kinetics of particle injection, motion, interactions with
the liquid lattice, and the ultimate release from the
moving surface.

Formation and growth of trapped gas bubbles near
the surface layer of the liquid metal can lead to bubble
explosion and ejection/sputtering of macroscopic drop-
lets. The possible effects of macroscopic droplet erosion
on the scrape-off-layer (SOL) plasma and overall reactor
operation are briefly discussed.

2. Helium pumping requirement in the liquid

Helium ash produced from the thermonuclear reac-
tion in a fusion reactor needs to be removed at its pro-
duction rate. For example, in a 2000-MW fusion power
reactor operating in the low-recycle regime, the alpha-
production rate Ig, = 2000 MW/(17.6 MeV/fusion)
~ 7.1 x 10 He/s. For a DT current to the divertor,
Int =~ 1.6 x 10%* 57!, and for the 10% He/(D+T) fraction
in the core plasma, the helium current to the divertor
is Iy = 1.6 x 10?* s7!. Therefore, the required removal
efficiency is & = Irys/Ine = 0.04, or ~5%. Recent studies,
however, suggest that the He removal rate could be
<5% [3].

3. Computational models

The development of a model describing absorption of
helium and deuterium-tritium particles by a layer of
liquid metal entails solving a time-independent, two-
dimensional diffusion equation in the x—y poloidal
plane, schematically illustrated in Fig. 1, with various
boundary conditions.

3.1. Simple analytical model for He pumping

The absorption of He plasma particles by a layer of
liquid metal can be described by solving the general
diffusion equation:
vo%:D&—i-qé(x—l) x=0, y=0,L

dy o2 ’ ’ '
c(x=0,y)=0
c(x,y=0)=0,

(1)

where c(x,y) is He concentration in depth x along flow
distance y, D is diffusion coefficient, vy is velocity of
liquid layer, L is total exposed length of liquid layer, / is
thickness of particle absorption zone, and ¢ is incident
He particle flux. The incident He flux is assumed to be
implanted at a definite range x = /, as described by the ¢
function given in Eq. (1). The distance / is the projected
range estimated from the incident He particle energy.
The following substitution is made into Eq. (1):

c=cd, y=1l, x=1I (2)

Fig. 1. Schematic illustration of particle interaction with free
liquid surface.
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In dimensionless variables Eq. (1) is then written as

o D ¢ g

L
AL 1AL T -1 =0, =Y,7.
oy vl 6x2+voco (c=1), x>0, y=0 / (3)

Let’s introduce the dimensionless parameters:

D / lq
=— == d g=—L. 4
a ol A=z, and g voce (4)

Then, Eq. (3) can be written as

ac 62

x20, =07, (5)

In this system of equations, the problem has an ana-
lytical solution that can be expressed using Green’s

function:
oo [~ =9
N 4a(y —n)

i Mﬁ/ /

(+9° )4
_exp<—m>:|dqdn. (6)

The integral on the ¢ function gives

_q [ dnd)
c(x,y)—z\/ﬁ A \/y—_‘ﬂ[“p<4a(y—n)>

(x+1)°
S PR

Let’s now introduce two new variables:

x+1
Xi:ﬁ. (®)

Then, we may rewrite Eq. (7) as

o=zt [ = (- 550)
cx,y) = - _
Y ovan )y y=n (y—n)
X
—ex — dn. 9
p( (y—n))} 1 ®)
Further
v X2 )

———ex - dn=1.. 10
/o\/y—ﬂ p( —m )T (10)
Substituting in the last integral
p=y |2

y—n
X | dn i3 11
dp=rE 1 =P gy (11)
2 (y—n? X2
2
dy =22 ap
B

gives
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Xl /v b

00

= —2/X,| (exp (- 5) %

Xel/

+2/oo exp (— f)dp
|/ V5

(13)

The amount of particles carried away (i.e., pumped) by
the moving liquid metal per unit time is defined by

o 1
qump:/o c(x,y:I)dx. (14)

The total amount of absorbed He particles is then given
by

1/2 —
0u=1 [ /5x—1dxdy z (15)

The pumping coefficient (ratio of He removal) is defined
as

_ Opump _ £ °°( :l>
é_iQau Q/o clx,y 7 dx. (16)
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Then
qump:/omc<x,y:%)dx
g 1/ 1 x X2
:zﬁﬁ/g \/m/o [e"p(‘m)
o g

(x+1)
— exp <—m>}dxdn

g [ 1
T2 /0 (erfc< " 2/a(lji— n))

1
-t =) )

1/4 1
=g erf [ —————— |d
q/o <2\/a(1//l;1)> 1
— L[ _et(p)sap. (17)
2a 1 Jila g
Therefore, the pumping coefficient is
_1a /°° erf(p)
2a )\ jia B

Let’s define a pumping parameter S as

171 [P
L a1 P 1
§ 2\/; 2\V'DL (19)

Then, the particle pumping coefficient can be expressed
as

£=2s82 / S etlh) g (20)

ﬁ3

¢

dg. (18)

Further

A o)

= erf(S) % + ﬁ exp(—Sz)é — (1 —erf(S))

1 1 1
:erf(S)(z—Sz—&-l> +ﬁexp(—52)§— 1.

(1)

And finally

28
& =erf(S)(1 +28%) + NG exp(—S?) — 28> (22)
For typical reactor system parameters of / ~ 1078-10~¢
m, vy ~ 10 m/s, D ~ 1071°-10% m?/s, and L ~ 0.1 m, the
pumping parameter S < 1. Then

N
gzzsm\/;z,/l%“. (23)

For helium pumping, the value of ¢ ~ 107*~102 is small
and is in the order of ~1%. Fig. 2 shows the dependence
of the He pumping coefficient ¢ on the pumping pa-
rameter for a wide range of S.

The calculated value of ¢ is very small and is in the
same order as the desired He removal rate (few percent
needed for the self-pumping) for reasonable operating
pumping parameters of a typical liquid—-metal divertor
surface. Therefore, more precise values of &, require a
detailed numerical calculation which takes into account
an accurate particle implantation spatial profile, the
temperature dependence of material properties, and
different boundary conditions.

3.2. General numerical model

A self-consistent and integrated numerical model for
the kinetics of particle injection, motion and interactions
with the liquid lattice, and the ultimate release from
the surface has been developed and implemented using
the HEIGHTS package [2]. This model is summarized
below.

The basic general equation can be written as

0 e = - 2 t) - Q0 ely)

+ GoG(x,y,1y), 0<x<L,, 0<y<L,,
(24)

o //
/

Pumping Coefficient, E:,

10° 10* 10° 10? 107 10° 10’
Pumping Parameter, S

Fig. 2. Helium pumping coefficient as a function of the
pumping parameter.
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where ¢(x,y) is again particle concentration at depth x
along flow distance y, v, is liquid moving velocity, [, is
maximum particle implantation depth, L, is depth of the
liquid layer, and L, is exposed length of liquid surface to
the plasma as illustrated in Fig. 1. The functions Q(x, y)
and G(x,y) are for particle absorption and implantation
fluxes, respectively. The flux, J, is determined as follows:

dc(x, y)
ox

J(X,y):—D()D(T(X,y)) (25)
The values Dy, Oy, and Gy are dimensional constants
that characterize the rates of diffusion, absorption, and
implantation, respectively.

The boundary condition is
¢(x,0) = ¢o(x), (26)

where usually ¢y(x) = 0. Two kinds of boundary con-
dition are considered at the surface. The first is

c(O,y) =0, (27)

where zero surface concentration is assumed for the
helium implantation case. The second boundary condi-
tion,

Dgc(O,y) = K.c*(0,y), (28)
Ox

predicts the surface recombination of a diatomic mole-
cule (for D, and T,), where the molecular recombination
constant K, can be calculated in various ways [4-6], for
example [6]:

- 4OCC‘| €Xp [(2Es - EV)/kT]
pVMTS; ’

where o is a sticking coefficient, ¢, is a constant, k is
Boltzmann’s constant, 7 is temperature, p is density,
and M is hydrogen isotope atomic mass. The solubility,
S, is the concentration of deuterium and tritium atoms
in the target material that is in equilibrium with DT gas
at a pressure P given by

K(T) (29)

S(T,P) = SyvV/Pexp ( — E,/kT), (30)

where Sy is a material constant, and E, is the heat of
solution, which can be either positive (endothermic) or
negative (exothermic), indicating that energy is either
expended or liberated when hydrogen is absorbed into
material. Various formulas for surface recombination
rates did not significantly change the results of this
study.

The particle diffusivity D is a measure of particle
mobility in the liquid and generally has the form

D =Dyexp(— Eq/kT), (31)

where Dy is a material constant, and E4 is the migration
energy. The surface barrier E, in Eq. (29) is given by [6]

E, = max(E; + Eq, 0). (32)
By substitution of

x=lp and y=y b 33
=l and y =75, (33)

Eq. (24) can then be written as

Oc(x,y) 0
o —aJ(x,y) = qo0(x,y)c(x,y) + g G(x,),
L LD, Ol Golg
ey <y 0 - =% =0
O\X\ 107 0\)’\ I%UO L7 40 DO > 80 DO ’
(34)
where
Oc(x,y
Jx,9) = —D(T(x, ) ) (39)

ox

We have used the integral-interpolating method to solve
this parabolic equation and obtain an accurate numeri-
cal solution. This method is briefly described below.

We introduce non-uniform mesh and grid functions
as follows:

Xi, 1207177M7 x0:07 xN:Lx/IO;

— Xig1 X, —
Xip12 =5 =X — X

Yo=1m; n=0,1,2...N; t=L/N (36)
{.fin = f‘(xhyn); flil/Z = .f(xi+l/27yn)}'

Integrating Eq. (34) on each cell, one obtains

/ynu /‘X,H/z ac(x’y)d d
—~dxdy
Yn Xi-1/2 ay

Vn+1 Xir1/2 a dxd
= - —J(x,
[: \[H/z Ox ( y) g

Yn+1 Xit+1/2
- cIo/ / O(x, y)c(x,y)dxdy
In Xi1/2
Vn+1 Xi+1/2
+go/ / G(x,y)dxdy (37)
n Xi-1/2

and

Xit1/2 Xii1/2
[ ot [ s
Xi 12 Xio1/2
Vn+1 Vn+1
:/ J(xi71/27y)dy7/ J (xis1/2,y)dy
Vn In
Yt Xit1/2
—qo/ / O(x,y)e(x, y)dxdy
Y Xio1/2

Vn+1 Xit+1/2
+ % / / G(x,y)dxdy. (38)
Vn Xi_12
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The flux J can then be approximated as

J(xiz12,y) = —=D(xi_17,) o

(39)
c(Xip1,Y) — (X,
J(xiy1/2,) = —D(x,-H/z,y)w_
Therefore,
Xit1/2 X
/ ol yn)dx = / c(x, y)dx
Ti-1/2 Xi-1/2
Xit1/2
[ et
hisy
~ =g (e(xior, ) + 3¢(xi, )
hi
+ g (c(xi+17yn) + 3C(Xi7yn))
hioy o, 3(hio 4+ hy)
= g il ?ci
+ glc;zrl (4())
and
Xiy1/2 ) ' . .
/ €, 1) = 1! it + Md’“ + @c;’iﬂ.
Xi-1/2 8 8 8
(41)
The integral of J can be approximated as follows:
Vn+1 1 S
/ J(xic12,y)dy & - / D(xi_12, ) (c(xi,¥)
In i Jy,
—c(xi_1,y))dy
T
~ - h_l (1 - G)D(xi_1/27y'1) (c(xhyn)
- C(xifluyn))
T
_ h.ilaD(xH/anﬂ)(C(xi,ynﬂ)
— c(Xim1, Yut1))
T . o
- _E |:(1 - O-)lel/'z (C[ - C[—l)
AN CATAD | R e

where 0 <6< 1 and ¢ = 0 in the explicit scheme, ¢ = 1
in the implicit scheme, and ¢ = 0.5 in the Crank—Nich-
olson scheme. The resulting set of equations is then
solved separately for the helium and hydrogen isotopes
by using the relevant boundary conditions.

The self-consistent modeling of the kinetics of parti-
cle injection, motion, and interactions with the liquid
lattice, along with the ultimate release from the surface,

is coupled with a particle implantation function. The
details of the implantation of the incident helium and
hydrogen isotopes in the near surface layer of liquid Li
as plasma-facing material are calculated by using the
3-D ITMC Monte Carlo code, which is part of the
HEIGHTS package [7]. The mesh size of the implanta-
tion zone can be as small as one monolayer thick to
accurately predict the effect of the near surface area. The
particle incident energies are governed by the plasma
temperature in the SOL and by the sheath potential at
the wall surface. Fig. 3 shows the calculated He im-
plantation profile as a function of the incident He par-
ticle energy. These results are fitted and used in the
implantation function G(x,y) in Eq. (34).

The incident particle energy is determined by a
number of factors, including the interaction of the
sound-speed flow, He and DT equilibration, and sheath
potential acceleration. Higher incident energies than 10
keV will help trap more He particles in the moving Li
due to the deeper implantation. Higher particle energies
are expected due to the resulting low-recycling and high-
temperature operating regime of the moving-liquid
metal surfaces.

The TRICS code (part of HEIGHTS) then calculates
the helium and hydrogen isotope diffusion motion,
trapping (if any), and surface release in the form of
molecules (D, and T,) due to the recombination mech-
anism [8]. The pumping/removal coefficient, &, is again
defined as the ratio of the particle current removed by
the flowing Li to the incident particle current from the
SOL.

Fig. 4 shows the He pumping coefficient calculated as
a function of Li flow velocity and He diffusion coefficient
for He particles with an incident energy of 1.0 keV. To
achieve an adequate He removal rate (=5% removal
efficiency, as defined earlier), with a Li diffusion coeffi-

200

ITMC Cpde

10:keV
& Lithium 1 keV
= N
= 150
=]
Q
2 100 eV
o
2 100 e 7
c
o
i
S 50 /
Q
[
o
° ,// / l
108 107 10°% 105 107 104
Depth, cm

Fig. 3. Helium implantation profile in Li as a function of in-
cident He energy.
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Fig. 4. HEIGHTS calculations of He pumping coefficient as a
function of Li velocity at 1-keV incident particle energy.

cient of Dy = 107! m?/s, the Li velocity should be >20-
30 m/s. At higher diffusion coefficients, the required Li
velocity is very high, exceeding 100 m/s. To achieve
adequate He pumping at higher implantation energies
(resulting from the low-recycle regime), reasonable Li
velocities of =10 m/s could be sufficient, as shown in Fig.
5. However, if He bubbles are formed in the flowing Li
near the surface layer, significant He trapping can occur.
This needs more detailed investigation.

Although the range of the implanted hydrogen iso-
topes in Li is <0.1 um for incident particle kinetic energy
as high as 1 keV, the calculated rate of surface recom-
bination into hydrogen isotope molecules (and therefore
the release rate) is very small. This rate is small mainly
because of the lower recombination coefficient and the
lower surface concentration due to the short residence
time of the moving liquid Li (about 10 ms for an effective
10-cm particle interaction zone moving with velocity of
10 m/s) [9]. It takes a couple of minutes for a stagnant

100%

D, =10"
LITHIUM /
E=10 keV 1 FE—
& D, =10
£
10% =10°
g 10% D, =10
:§ m’ls
[&]
-]
5 1%
[=%
E =
3
o
0.1%
10 100

Velocity, m/s

Fig. 5. HEIGHTS calculations of He pumping coefficient as a
function of Li velocity at 10-keV incident particle energy.

surface to build up enough surface concentration to
achieve a significant recombination and release rate.
Therefore, in our case of a moving liquid surface, almost
all the incident hydrogen isotope is retained in the
flowing Li. In addition, hydrogen isotope concentrations
near the end-of-range of the implantation zone, coupled
with synergistic effects of simultaneous He implantation,
could promote bubble formation. This condition will
further increase the hydrogen retention due to the slow
diffusion of bubbles to the surface. Therefore, in a PFC
of moving liquid Li under these conditions, the Li will
pump most of the incident particle flux of the hydrogen
isotope and should have notable effects on the physics of
the boundary layer in fusion reactors using free surface
flow of liquid metals.

4. Summary of particle pumping

To pump He at the minimum required rate of about
4-5% of impinging current, one needs a He diffusion
coefficient <10~® m?/s for reasonable liquid velocities.
Recent studies suggest that such diffusion values may be
feasible. Other mechanisms to enhance particle pumping
due to internal flows as a result of magnetohydrody-
namics (MHD) were recently suggested. Because the He
penetration depth is only several monolayers, the MHD
enhancement is not achievable for several reasons. First,
the internal flow is not inward but circular; thus, the
average time of the implanted particle spent near the
surface is about the same or more without the internal
flows, which may actually enhance the release rate. More
important, even assuming an inward velocity of 1 m/s as
suggested by some authors, one should realize that the
liquid is moving with velocities of 10-20 m/s, so the re-
sultant velocity is still mainly in the flow direction. A
more important trapping mechanism, suggested by the
present author, is bubble formation in the near im-
plantation region. These bubbles (if developed) will trap
helium, deuterium, and tritium and effectively enhance
the pumping ratio.

Analytical and numerical models were developed in
this work to study helium and hydrogen entrapment in
the moving liquid metal surfaces. The analytical model
offers a quick assessment of He removal efficiency as a
function of system parameters of the incident He parti-
cles and the flowing liquid—-metal surface. For similar
system parameters both models yield, to the first order,
similar values of He pumping coefficient. The integrated
numerical model is more general, with a wide range of
applications and different conditions. The numerical
model, which takes into account an accurate spatial
profile of particle implantation, the temperature depen-
dence of material properties, and different boundary
conditions calculates more precise values for particle
entrapment in liquid surfaces.
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The HEIGHTS numerical calculations also indicate
that deuterium and tritium particles will be completely
pumped by the flowing Li. This is because of the low
molecular recombination coefficient of hydrogen iso-
topes. Hydrogen isotopes cannot leave the surface in the
atomic form. Higher recombination coefficients require
a large concentration flux at the surface. This is not
achieved due to the liquid motion.

Because of several uncertainties, more data are nee-
ded on He diffusion and trapping, such as bubble for-
mation and growth in liquids that could significantly
alter the kinetics of particle recycling at the liquid
surface. For example, bubble formation, growth, and
bursting will cause liquid splashing that will detrap He
and DT particles. Liquid splashing or macroscopic
ejection of liquid droplets can significantly degrade the
plasma behavior in the SOL and seriously contaminate
the main plasma, leading to disruptions. Therefore, one
needs to consider in detail the synergistic effects of He/
D/T interactions with moving liquids and the conse-
quences of droplet formation and behavior of the SOL
plasma.
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