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Modeling of wall recycling effects on the global particle balance
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Abstract

A zero-dimensional particle balance model has been developed to compute hydrogen inventories in the four major
reservoirs; core plasma, scraped-off layer (SOL), gas region, and wall of a magnetic fusion reactor system. This model
takes as input separately calculated hydrogen reemission and reflection coefficients. Model applications have success-
fully reproduced the core plasma transient behavior with and without density decay observed in the large helical device
(LHD). Particle balance modeling has also been done for a hypothetical steady-state reactor employing carbon as the
plasma-facing material. Results indicate that codeposition-induced wall pumping is quite effective in controlling the
core density although, on the other hand, the tritium inventory concerns environmental safety. © 2001 Elsevier Science

B.V. All rights reserved.
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1. Introduction

To demonstrate magnetic fusion as a viable energy
source, one has to develop a knowledge basis and
capabilities of sustaining ignited plasmas at steady state.
Currently operated in Japan for this purpose are LHD
and TRIAM-IM. Also, ITER has motivated interna-
tional efforts on steady-state reactor studies.

Among other technical issues, particle control is
particularly important because it affects a wide range of
aspects of reactor operation, including the core plasma
confinement, in-vessel components lifetime, fuel econo-
my and even environmental safety associated with triti-
um management. Closely related to these, plasma—wall
interactions play a crucial role in determining particles’
whereabouts in a reactor system. Fuel particles escaping
from the plasma are implanted into plasma-facing
materials but they will be released with a characteristic
time constant. In addition, materials erosion and
redeposition can affect particle balance via hydrogen
codeposition. This fuel recycling is a key to understand
the global particle balance in a reactor not only during
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the start-up transient but also during the steady-state
operation.

In an attempt to understand the global particle bal-
ance, numerous experiments coupled with modeling
have recently been conducted worldwide, using major
facilities: JT-60 [1], DIII-D [2], Tore Supra [3], JET [4,5].
Some of these studies deal with only two reservoirs of
particles: plasma and wall [5] or segmented walls [2,3]
whereas others assume another reservoir, either SOL [4]
or pump [1,2].

In this study, for more advanced analysis of the core
density behavior in LHD [6,7] and future steady-state
reactors, four-reservoir modeling has been performed,
together with rather detailed hydrogen recycling mod-
eling. Also, effects of atomic and molecular reactions
such as charge exchange and gas ionization are taken
into account in this modeling.

2. Particle balance modeling
2.1. Hydrogen reemission and reflection

The formalism employed here to describe hydrogen
reemission is essentially the same as the one for the
DIFFUSE-code [8]. However, the original formalism has
been modified in order that time-varying plasma-wall
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interaction conditions can be incorporated. The mathe-
matical expressions of the present model are as follows:

OCn(x,1) PCn(x,1) _ 0Gi(x,1)
TiD{T(I)} o2 ot +G(x7t)7 (1)
0Ci(x, 1)

28— DITOHCYH) = mClx,0}/72 = Gl )vo
X exp(—0\ /KT (1)), 2)

where x is the thickness position, 7 is the time, D is the
diffusion coefficient, T is the temperature, C,, is the mo-
bile atom concentration, G is the source term, C% is the
initial trapping site concentration, C, is the tapped atom
concentration, n, is the number of hydrogen atoms that
can share each trapping site, 4 is the detrapping jump
distance taken as the lattice constant, v, is the jumping
frequency taken as 10"3 [8] and Q, is the activation energy
for detrapping. Notice that D, T and G are treated as
functions of time. For simplicity, n; is assumed to be
unity. The particle reflection coefficient and implantation
profile are calculated, using the TRIM.SP code [9].

Assuming that hydrogen reemission from the front
surface is controlled by recombinative desorption and
inward transport is limited by diffusion, the boundary
conditions for solving equations (1) and (2) are ex-
pressed as follows:

D{T(t)}% K.Con(x5,1)*,  Con(¥max, 1) = 0,

3)

where K is the surface recombination coefficient, and x;
and xp,, correspond to the front surface and the diffu-
sion thickness, respectively.

2.2. Global particle balance modeling

In 1998, considerable attention was brought to the
observation in LHD that the core plasma density de-
cays, even as external fueling continues, during the
plasma heating by neutral beam injection (NBI) [6,7].
About a decade ago, similar density decay was observed
in JT-60 [1]. These observations may be explained as the
result of: (1) wall pumping [1,6]; (2) a decrease in fueling
efficiency [7]; and (3) degradation of particle confine-
ment [10]. The present work is intended to investigate
the role of wall recycling in determining core density
behavior.

Developed for this purpose is a zero-dimensional
particle balance model. Using hydrogen reemission and
reflection coefficients, this model calculates particle in-
ventories in the four reservoirs: (1) core; (2) SOL; (3) gas
region and (4) wall. Hydrogen inventories in these res-
ervoirs, denoted by Neore, NsoL, Ngas, and Nyan, can be
obtained by solving the following set of differential
equations:

chore _ Neore +o <O’U>Cx
dr Tcore 2Vgas
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and the initial conditions are set as follows:
Ncore = NSOL = Nwall = 01 Ngas = NO(at = 0)7 (8)

where 7. and tsor are the plasma confinement times in
core and SOL, respectively; (ov),, and (ov),,, the rate
coefficients for the reactions: H+ H" — H* + H and
H, +e~ — Hj +2e™ [11]; « and B are the adjusting
parameters (usually «/f = 1), respectively; Ry and R.
are the reflection and reemission coefficients, respec-
tively; Vsor and Vg, are the volumes of SOL and Gas,
respectively; feore, and fsor are the fueling efficiencies by
external gas puffing into core and SOL, respectively;
" feore and "fsor are the fueling efficiencies by wall-ree-
mitted gas into core and SOL, respectively; ™ f,.. is the
fueling efficiency by wall-reflected particles into core;
¢y is the gas puffing rate; S, is the pumping speed; y is
the hydrogen codeposition efficiency; Y, is the sputtering
yield; and N, is the initial inventory in gas.

It is extremely important to note that for a closed
divertor device such as DIII-D with a fully toroidal
pumping slot, particle exhaust is directed into it by the
intrinsic plasma flow. Due to the compression effect [1],
wall-recycled gas will not efficiently re-fuel the core
plasma. In contrast, for an open divertor device, particle
removal needs to be done by pumping wall-recycled gas.
On its way to pumping ducts, however, wall-recycled gas
tends to re-fuel the core and SOL plasmas. Therefore, it
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is essential that the Gas region and its effects be incor-
porated in the particle balance modeling for LHD.

3. Model applications and discussion
3.1. Density decay during NBI-heating in LHD

During the second experimental campaign, diverted
hydrogen plasma operation was performed in LHD with
the external fueling done by gas puffing. The typical
operational scenario was such that plasma breakdown
was done by electron-cyclotron heating (ECH) with the
power up to 300 kW and subsequently heating was
taken over by NBI with the power up to 3 MW. Gen-
erally, as soon as NBI-heating kicks in, the divertor
temperature rises with a characteristic time constant,
apparently related to the energy confinement time of the
order of 100 ms. Core density decay was observed dur-
ing NBI-heating, as shown in Fig. 1, even as gas puffing
continues.

Interestingly, the statistics on LHD data indicates
that density decay occurs only when the edge tempera-
ture at the last closed flux surface exceeds a certain level
around 170 eV, and the corresponding divertor tem-
perature is around 25 eV [6]. The divertor temperature
during ECH-breakdown is usually around 5 eV. The
core density evolution without decay is also shown in
Fig. 1. Although the water-cooled 316 stainless steel
vessel was directly exposed to the divertor plasma, due
to the moderate power flux, the surface temperature was
observed to rise up to around 50°C [12].
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Fig. 1. The core plasma behaviour with and without density
decay during NBI-heating, observed in LHD (after Masuzaki
et al. [6]). Here, shot #6055 shows density decay. The ECH,
NBI and gas puff indicators are for shot #6055. Those for Shot
#6065 are not shown but similar to #6055. The electron tem-
perature shown here is the one measured at the last closed flux
surface (not in the divertor region).

Particle balance modeling has been performed, sim-
ulating these conditions in LHD. A wave form is em-
ployed to calculate the recycling coefficients in such a
way that at ¢+ = 0 s the wall flux exponentially ramps up
to a flat-top of 2 x 10'® 1/cm?/s and at =1 s ramps
down as external fueling stops, where the time constants
for these ramps are set equal to the particle confinement
time. One can then find the effect of it if wall recycling is
affected by the divertor temperature change. The ion
bombarding energy, E, is determined from the relation:

Table 1
Input parameters for the particle balance modeling
LHD (1998) Reactor
Core plasma volume 30000 1 631000 1
Core confinement time: Teore 0.1 s (0.2 s%) 1s(1.5s%
SOL plasma volume: Vsor 10000 1 32000 1
SOL confinement time: tsor 0.001 s (0.002 s*) 0.001 s (0.002 s*)
Gas region volume: Vg, 180000 1 —
Divertor plasma temperature 25eV (5eV?) —

Divertor material (temperature)
Hydrogen diffusivity [14]
Surface recombination coefficient[14]

316 SS (50°C)
3.8 x 1073 exp(—0.56 [eV]/kT)
2.1 x 1078 exp(—0.34 [eV]/kT)/v/T

Carbon (500°C)
7.0 x 107* exp(—0.5 [eV]/kT)
8.5 x 10717 exp(—0.45 [eV]/kT) /T

Pumping speed: S, 66700 1/s
External fueling: ¢, 20 Torr I/s
Fueling efficiencies®
Core fueling by gas: feore = " feore 0.1 (0.7%)
SOL fueling by gas: fsoL = “fsoL 0.7 (0.1%)
Core fueling by fast particles: ™ f;or 0.3
SOL fueling by fast particles: 1 — ™ £, 0.7

100000 1/s
— (1 Torr 1/s®)

TTTT

#Values before NBI-heating.

® External fueling rate in the case study without hydrogen co-deposition.
¢ Calculated assuming the SOL thickness is 5 cm and the density is 5 x 10'> 1/cm?.
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E =6 kT, [13], assuming that T, = 7}, where k is the
Boltzmann constant, 7, and T; are the electron and ion
temperatures, respectively. The bombarding angle is set
at 45° with respect of the surface. The hydrogen trap-
ping site concentration and detrapping energy in 316
stainless steel are taken as 1 at.% and 0.22 eV, respec-
tively [14]. Other input parameters are summarized in
Table 1.

Model calculation results are shown in Fig. 2. For
comparison, two sets of runs have been performed at the
NBI-heated divertor plasma temperatures of 25 and
15 eV. Notice that in these two cases ion implantation
profiles are clearly different in peak separation and
depth broadening (Figs. 2(a) and (b)). For both cases,
however, the total recycling coefficient (reemission plus
reflection) exhibits complex behavior (Figs. 2(c) and
(d)). The total recycling coefficient rises at first but then
falls, as shown in Fig. 2(c), while the implantation
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profile slides in depth along with NBI-heating. Halfway
up to saturation with the re-established profile, at =15,
the recycling coefficient falls due to the termination of
external fueling. Along with this, the core and SOL
densities exhibit characteristic decay (Fig. 2(e)). In
contrast, as shown in Fig. 2(d), the recycling coefficient
experiences a temporary plateau which, however, is
followed by another rise to exceed unity, leading to an
increase in core density, apparently an overflow due to
the limited pumping speed (Fig. 2(f)).

As is always the case, it is impossible to estimate all
the input parameters for modeling of this kind. Given
the uncertainty, though it is possible, we choose not to
present here the ‘best fit’ by adjusting input parameters.
Nonetheless, as shown in Figs. 2(d) and (e), model cal-
culations have successfully reproduced all key features
of the core plasma behavior with and without density
decay observed in LHD.
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Fig. 2. Results of particle balance modeling on LHD: (a) and (b) are hydrogen implanation profiles into stainless steel, simulating
NBI-heated divertor plasma temperatures of 25 and 15 eV, respectively; (c) and (d) are computed total recycling coefficients (reemission
plus reflection); (e) and (f) are core and SOL plasma densities with and without characteristic decay, respectively. The dashed line in (c)

indicates a hypothetical case with continued fueling.
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3.2. Wall recycling and density control in a reactor-scale
device

In this section wall recycling effects on the core
density control in a reactor-scale device is analyzed using
the model validated with the LHD case study. A semi-
closed divertor configuration is employed, so that «/f is
set at 0.1 to reflect a restricted fueling effect by wall-re-
cycled gas. Long-pulse operation with the duration of
1000 s is simulated. No burn effect to consume deuteri-
um and tritium is assumed for simplicity. A carbon
divertor plate is employed and the operation tempera-
ture is assumed to be 500°C. Other input parameters are
summarized in Table 1.

Shown in Fig. 3 are particle inventories in the four
reservoirs in two cases with and without hydrogen
codeposition. Clearly, without hydrogen codeposition
(see Fig. 3(a)), the core density is not controlled so well
as to establish a steady state even at a reduced fueling
rate of 1 Torr I/s and a large pumping speed of 100,000 I/
s. In contrast, assuming hydrogen codeposition with
y = 0.2 and Y, = 0.05 [15] (Fig. 3(b)), the core density is
well controlled for the long-pulse steady state even at a
high fueling rate of 20 Torr I/s. Importantly, the wall
pumping effect: y¥; = 0.01 results in the total recycling
coefficient of 0.99 in Eq. (7). In exchange, however, the
total inventory reaches the order of 10** D+T atoms
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Fig. 3. Global particle balance simulation for a reactor-scale
device: (a) without wall pumping; and (b) with wall pumping
due to hydrogen codeposition at the rate, resulting in a 99%
total wall recycling coefficient (see Eq. (7)).

over 1000 s, a serious safety hazard. Meanwhile, inward
diffusion due to the high-temperature operation builds
up an additional inventory of the order of 10> D+T
atoms, which, however, is a minor contribution to the
total inventory.

4. Conclusion

Motivated by the core density decay observed in
LHD, a zero-dimensional, four-reservoir particle bal-
ance model, coupled with hydrogen recycling calcula-
tions, has been developed. The model has successfully
reproduced the characteristic density decay behavior.
Results indicate that the implantation profile shifting in
depth during NBI-heating apparently plays an impor-
tant role in determining the recycling coefficient.

From the model application on a reactor-scale
device, wall pumping due to hydrogen codeposition even
at a moderate rate has been found to be far more
effective in controlling the core density than employing a
gigantic pumping system. For steady-state fusion reac-
tors, therefore, reduced recycling is highly desirable
from the density control point of view although it may
require a yet-to-be explored wall concept.
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