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Abstract

The hydrogen particle balance of the plasma-wall system in the large helical device (LHD) is analyzed, using a zero
dimensional model for plasma particles, neutrals in vessel and hydrogen inventory in wall. Based on the measurement
of neutral gas pressure, plasma density and the pumping speed of the cryo-pumping system, it is found that the hydrogen
retained in the wall desorbes with short and long time constant. The short term desorption is of order of 1021 atoms with a
time constant of a few minutes, which is much smaller than the wall pumping for one shot, 1022 atoms. In a long time scale
of about one experimental day, the wall absorbs significantly large amounts of hydrogen, up to 1024 atoms. One of the
possible reasons for the large wall pumping is a carbon deposition layer on the first wall surface. The effect of hydrogen
retention on density control is also discussed.
� 2005 Elsevier B.V. All rights reserved.

PACS: 34.00; 52.01.A; 89.02
1. Introduction

In this paper, we investigate the hydrogen parti-
cle balance of the plasma-wall system in the large
helical device (LHD). Particle balance analysis is
important in terms of plasma/impurity density con-
trol as well as tritium inventory control in plasma
facing components in a fusion reactor. The physical
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processes governing the balance are: (1) absorption/
desorption rate of neutrals into/from the wall (wall
pumping capability), (2) location of recycling/sput-
tering of fuel neutrals/impurities and (3) transport
of the fuel neutrals/sputtered impurities in the
plasma. The third process, which determines the
impurity deposition pattern on the wall, is closely
related to the first process because the wall retention
capability is considerably dependent on the compo-
sition of the materials. The second one is a strong
function of the geometry of the divertor compo-
nents for plasma flux and of the first wall for neutral
.
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Fig. 1. Schematic of the LHD cross-section. The locations of the
material probes in Refs. [8,9], at toroidal section 7, are indicated
by black marks (#1–5). The distance between the port (#5) and
the outer X point is about 1.5 m.
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charge exchange (CX) flux. An understanding of the
overall physics thus involves the edge transport of
plasma and neutrals as well as the material physics
of the wall. There have been a number of studies car-
ried out in this field [1–3]. For example, the results of
Ref. [2] indicate the difference in wall pumping capa-
bility depending on the wall material selection, while
Ref. [3] analyzed the importance of CX flux for the
wall pumping. The particle balance in LHD was also
analyzed in a few articles in the last several years [4–
6], where Refs. [4,5] investigated hydrogen particle
balance with all plasma facing components being
stainless steel. Since the third experimental campaign
in FY 1999, however, graphite tiles have been
installed at the divertor leg region, whichwill strongly
affect the plasma-wall interaction processes.

The purpose of this paper is to analyze the
hydrogen particle balance in LHD with the full
installation of graphite tiles at the divertor region.
In Section 2, the experimental details including the
wall surface condition are described. In Section 3,
the particle balance based on a zero dimensional
model is studied. In Section 4, the time constant/
amount of the short/long term wall retention are
estimated. Also the effect of the wall inventory on
the density control is discussed. Section 5 gives a
summary of the discussions.

2. Experimental set-up

2.1. Pumps and pressure gauges

The vacuum vessel of LHD is made of SUS 316L,
which is water-cooled to around room temperature
during operation. The surface area of the vessel,
including the ports, is about 700 m2, half of which
is directly facing to plasma. The volume inside the
vessel of 210 m3 is evacuated by a cryo-pumping
system (in total 18 cryo-pumps), which provide an
effective pumping speed of 700 m3/s. The plasma
volume is about 30 m3. The divertor is made of
graphite armor tiles which have an area of 30 m2.

The neutral gas pressure is measured with a cold
cathode (CC) gauge, an ionization gauge and a fast
ionization gauge (ASDEX gauge [7]), that are
located at the pumping duct entrance, behind the
cryo-pump system and in the vacuum vessel, respec-
tively. The time constants for the gauges are 35 ms
for the CC gauge and 1 ms for the ASDEX gauge.
The ionization gauge monitors the gas pressure
behind the cryo-pump system every 5 s, which is
used for estimating the long term evolution of the
particle balance. The external particle (hydrogen)
fuelling in the present experiments are gas puff fuel-
ing of �1023 atoms/s, pellet injection �1021 atoms/s
and neutral beam injection (NBI) � 1020 atoms/s,
respectively, while the pumping speed of the cryo-
pump corresponds to 1021 atoms/s. In the present
experiments, the particle balance is studied at high
density operation, �ne P 8� 1019 m�3.

2.2. Status of the wall surface

The wall pumping capability and the desorption
time constant are strongly dependent on the wall
surface composition. According to the material
probe study [8,9], a substantial amount of carbon
is considered to be deposited on the first wall
surface. It showed that at the upper (#3) and bot-
tom (#2) first wall and inner private region (#1)
(Fig. 1) the deposition layer was 5–10 nm, on the
other hand, at the outer private region (#4) and
the port (#5) it was more than 50 nm. The difference
of the thickness is probably attributed to the plasma
flux intensity profile on the surface, i.e., at the outer
divertor and the port which are remote from plasma
the deposited carbon can accumulate without signif-
icant sputtering by plasma exposure.

During the experimental campaign of several
months, boronization has been conducted from
time to time, and it provides boron films on the
vessel wall surface with a thickness of typically a
few tens of nm [10]. Although the boronization is
done for gettering oxygen, it has been found that
the film also enlarges the hydrogen absorption
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capacity by 5 times compared to pure stainless steel
[11]. But the coverage of the boron film is recently
estimated at around 30% of the vessel wall, so that
for the present analysis we will neglect the effect of
the boronization on the particle balance.

The effects of the carbon layer on the particle
balance will be discussed in the following sections.

3. Particle balance analysis

The model used in the present analysis is a 0
dimensional one, which divides the system into
plasma, wall and volume between wall and plasma
(this region is rather large in LHD compared to
other devices, i.e., plasma volume of 30 m3 and
vessel volume of 210 m3). Np, Nw and Nn denote
the particle inventory in the plasma, of the neutrals
in the wall and in the vessel, respectively. From par-
ticle conservation, one can simply get the relation,

ðNw � Nw0Þ þ Nn þ N p ¼
Z t

t¼0

ðCin � CoutÞdt; ð1Þ

where Nw0, Cin and Cout are the initial wall invento-
ries at t = 0, particle input (fuelling by gas puff,
pellet, NBI) and pumping out by cryo-pump,
respectively.

The time traces of a typical plasma discharge in
LHD are shown in Fig. 2. As a wall conditioning,
the boronization followed by the He glow discharge
of 3 h was conducted before this experimental day.
The density is gradually ramped up by gas puffing
in two steps up to 8 · 1019 m�3 at t = 1.2 s, after
which the gas puff is turned-off, being followed by
a slight density decrease down to 6 · 1019 m�3. Plot-
ted in Fig. 2(b) are the integrated gas puffed parti-
Fig. 2. Time traces of (a) line averaged plasma density, neutral
pressure (measured at the pumping duct with the CC gauge) and
gas puff, (b) time integrated particle numbers from gas puffing,
wall pumping and cryo-pumping, respectively.
cles, the particles pumped by the wall calculated
by Eq. (1) and by the cryo-pump. During the strong
gas puff phase at t = 1–1.2 s, there exists strong wall
pumping, �5 · 1022 atoms/s, as shown in the figure,
while after turning off the gas puff the wall inventory
keeps almost constant value. This indicates a signif-
icant change of the wall pumping characteristic due
to the gas puff turn-on/off. The similar behaviour
was found in Tore Supra [12]. It was discussed as
being due to the broadening of the divertor flux pro-
file, which causes additional wall pumping by bring-
ing particles to the area that are not exposed to the
plasma when the gas puff is turned-off [12]. Con-
cerning the divertor flux profile in the present exper-
iments, it is found that near the gas puff valve, the
particle flux becomes broad with a reduced averaged
flux, while away from the valve the shape of the flux
profile scarcely changes. At the moment the result-
ing effect of the divertor flux change on the wall
pumping is not yet identified. On the other hand,
the CX flux to the first wall is estimated at about
33% of the gas puff (Appendix A). This roughly
corresponds to the wall pumping during the gas
puff phase, i.e., 1023 atoms · 0.33 � 3 · 1022 atoms.
Therefore, if the first wall is capable of a wall pump-
ing for the CX flux, it can be a reason for the strong
wall pumping during the gas puff phase.

From this analysis, it is found that 80% of the
gas-fueled particles are pumped by the wall and
the rest (20%) by the cryo-pump. The fuelling effi-
ciency of gas puffing is about 10%.

4. Hydrogen retention in wall

4.1. Short term retention

In LHD, the discharges with a duration of sev-
eral seconds are repeated with about 3 min intervals.
Plotted in Fig. 3 is the pumped atoms by the cryo-
pumps during and after the discharges as a function
of the total divertor particle flux, which is obtained
by time-integrating the ion saturation current of the
probes embedded in the divertor plates. The amount
of pumped particles are almost proportional to the
divertor flux, which also scales linearly with plasma
density. Because of the high neutral pressure during
the discharges, the amount of pumped particles is
about 3 times greater than that during the intervals.
These particles are categorized being retained for a
short term with a time constant of a few minutes,
and are considered to be retained in the wall as a
solute state.



Fig. 3. Pumped hydrogen during (s) and after (d) discharges as
a function of total divertor flux during discharges. The divertor
flux scales almost linearly with the line averaged density. As the
divertor flux increases from 1 · 1023 to 5 · 1023 ions/m2, the line
averaged density changes from 2 · 1019 to 6 · 1019 m�3.
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The effect of the hydrogen retained in the wall on
density control is often observed. Fig. 4 shows the
line averaged plasma density and the amount of
gas-fueled particles for a sequence of discharges.
One sees that while keeping the density constant,
the required gas puffing gradually decreases, indi-
cating an increase of the hydrogen emission from
Fig. 4. Time traces of (a) line averaged plasma density and (b)
the amount of gas puff for four successive discharges. While
keeping the same plasma density, the required gas puff gradually
decreases, indicating an increase of the wall inventory.
the wall. Finally, at #53584 the same density level,
�ne � 6� 1019 m�3, is obtained even though the puff
is turned-off. It should be kept in mind, however,
that this does not indicate wall saturation because
if the puff is kept turned-on, the wall continues to
absorb the neutrals, as shown in Fig. 8, with
increased plasma density.

The discharge has been produced without gas
puffing for several consecutive shots. The evolutions
of the density and the removed hydrogen from the
wall, which is calculated by Eq. (1) are plotted in
Fig. 5. The removed hydrogen is sum of the desorp-
tion during the discharge and the interval. The
depletion of hydrogen during the discharges due
to plasma/CX flux bombardment was found to be
considerably higher by a factor of 2–5 than that dur-
ing the intervals. After five shots, the density reaches
an almost constant value around �ne ¼ 1� 1019 m�3,
indicating that the particle balance in the plasma-
wall system has been brought to an equilibrium
state. Indeed, after the sequence the same amount
of gas puff as #53563 is required to reach
�ne � 6� 1019 m�3. In the sequence of 8 shots, the
total amount of depleted hydrogen (sum of the 8
shots) is �1 · 1022 atoms, which corresponds to
the wall pumping in one shot, as shown in Fig. 2.
It is considered that these particles are retained in
the wall in the rather shallow region (probably as
a solute state) and not strongly trapped in the
carbon layer, so that via bombardment of plasma
or CX flux they are released and affect the plasma
density.

4.2. Desorption rate of hydrogen retained in wall

After discharge termination, the rate of desorbed
hydrogen from the wall can be calculated as,
Fig. 5. Plasma density (d) and removed hydrogens (h) from the
wall by the cryo-pump during the sequence of no-puff discharges.



Fig. 7. Dependence of the slow time constant, sw, on the edge
electron temperature at q = 1. q is a normalized minor radius at
the last closed flux surface. The temperature is time-averaged
over the flat top of the plasma density.
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oNw

ot
¼ �Nw

sw
¼ � oNn

ot
� P 0 � Sp; ð2Þ

where P0 and Sp are the neutral pressure and pump-
ing speed, respectively. The result is plotted in
Fig. 6, with a logarithmic scale together with the
traces of plasma density and neutral pressure. Just
after the plasma termination, the desorption has a
time constant of sw � 0.1 s, followed by the slower
desorption of sw � 3 s. The amount of the desorbed
hydrogen in the fast phase is �1020 atoms, which is
one order smaller than that of the slow desorption,
�1021 atoms. Similar behaviour was also reported
in Ref. [4], although the time constants were differ-
ent from the present ones.

The fast time constant could be attributed to a
release of over-saturated hydrogen by dynamic
retention during the discharge, as has been observed
in tokamaks [14]. As for the slow time constant, on
the other hand, this almost corresponds to the time
needed for the hydrogen to diffuse out of the carbon
layer, if one takes DH � 10�17 m2/s [12] with a
penetration depth of �10 nm for the edge plasma
temperature of LHD.

The slow time constant was found to increase as
the edge temperature increases. Plotted in Fig. 7 is
the dependence of the slow sw on the electron tem-
perature at q = 1.0, where q is a normalized minor
radius at the last closed flux surface. If we assume
that the impinging energy of plasma particles onto
the divertor tiles �3Te by sheath acceleration, the
Fig. 6. Desorption rate, Nw/sw, just after the discharge termina-
tion calculated by Eq. (2), together with neutral gas pressure and
plasma density. In the logarithmic plot, it is found that there are
two different time constants for the desorption rate, sw � 0.1 and
3.3 s.
penetration depth increases with the edge Te. Pro-
vided also Ti / Te, the penetration depth of the
CX neutral flux to the first wall increases as well
for high Te. The tendency is thus consistent with
the diffusion model for the desorption rate, i.e.,
the deeper depth makes sw longer.

4.3. Long term retention

Compared to the wall pumping in one shot,
�2 · 1022 atoms as shown in Fig. 2, the short term
retention is much smaller, �2 · 1021 atoms, and it
thus means that on the order of 1022 particles are
accumulated continuously in the course of the dis-
charge. An example of the time evolution of the
hydrogen inventory over a long time scale (�one
experimental day) is shown in Fig. 8, where the par-
ticle input (by puff and pellet) as well as the pumped
out particles are plotted. In this plot one sees that
the wall absorbs in total on the order of 1024 parti-
cles without saturation at the end of the day, i.e.,
4 · 1021 atoms/m2. This is significantly larger than
the long term hydrogen retention, �5 · 1021 H,
obtained in Ref. [4], where the graphite divertor tiles
were not yet installed. The number is apparently not
realistic for a stainless steel wall, e.g., the TdeV
tokamak with 94% of first wall being made of
SUS316 reached wall saturation at 5.6 · 1019 H/m2

[2].
A possible reason for the large hydrogen inven-

tory is the carbon deposition layer on the first wall,
as mentioned in Section 2.2, which presumably
covers a substantial portion of the wall surface. It
is also noted that during the discharges the first wall
is kept at a rather low temperature (<370 K), which
significantly increases the hydrogen retention.



Fig. 8. Time evolution of injected (by puff and pellet) and
pumped hydrogen during one experimental day. The most of the
hydrogen is found to remain in the vacuum vessel. Total wall
inventory at the end of the day amounts to �1024 atoms.
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Analytical estimations of the CX flux to the first
wall (Appendix A) give �1022 atoms/s, which is
30% of the puffed particles. The material probe mea-
surement of the CX flux to the first wall also indi-
cates the same order of fluence [13]. From this
estimation, it is considered that the CX implanta-
tion of neutrals onto the first wall with the carbon
deposition layer of several tens nm thickness is a
possible candidate for the retention process other
than the divertor plate retention.

The graphite tiles of the divertor plates, which
are water-cooled to keep the temperature below
600 K, also can be a large reservoir of hydrogen
because of their low temperature.
5. Summary

The hydrogen particle balance of the plasma-wall
system in LHD has been analyzed using a simple
zero dimensional model. We have found,

1. For the typical discharge in LHD with �ne �
8� 1019 m�3, 80% of puffed particles (2 ·
1022 atoms) are pumped by the wall and 20%
(5 · 1021 atoms) are pumped by the cryo-pump
system. The fuelling efficiency is �10%.

2. The short term retention during one discharge
sequence, which is released from the wall during
the 3 min interval, is 2 · 1021 atoms. It is one
order smaller than the wall pumping in one shot.

3. The effect of the hydrogen retention on the
plasma density is observed. The wall retention,
which directly affects the plasma density, is found
to be 2 · 1022 atoms. They are considered to be
retained in the shallow regions of the wall as a
solute state. Consequently, via plasma/CX flux
bombardment they are released from the wall
and affect the plasma density.

4. The wall continues to absorb hydrogen during
one experimental day without showing satura-
tion. It amounts to �1024 atoms, 4 · 1021 atoms/
m2. Possible reasons for the large amount of wall
retention are, (a) the carbon deposition layer on
substantial parts of the first wall with a thickness
of 5 to several tens of nm, (b) considerably high
CX fluence to the first wall �1022 H/s, (c) the
low wall temperature � < 370 K, (d) the low tem-
perature of the divertor plate made of graphite
tiles �600 K.

5. The hydrogen desorption after discharge termi-
nation has two time constants, sw � 0.1 s and
several seconds. The latter time constant becomes
large as the edge Te increases. The slow sw is con-
sistent with an estimation of the desorption time
of hydrogen from a carbon layer based on a
diffusion model.

Acknowledgements

The authors are grateful to Dr H Takenaga, Dr
N Asakura and Professor A Sagara for their fruitful
discussions.

Appendix A. Estimation of CX flux to the first wall

For simplicity, assume a slab geometry for
plasma and wall surfaces, where a neutral gas occu-
pies the space in-between them. For neutrals flying
towards the plasma, the probability of being
reflected back to the wall after the first collision
(CX) is b/2, where b is a probability of CX,

b ¼ hrviCX
hrviCX þ hrviion

; ð3Þ

here hrviCX and hrviion are the rate coefficients of
CX and ionization, respectively. After the second
collision, the reflection probability is then (b/2)2.
Successively, the probability for the neutrals to be
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reflected back to the wall after all collisions, A, is
given as,

A ¼ b
2
þ b2

2
þ b3

2
þ � � � ¼ b=2

1� b=2
; ð4Þ

which is called the albedo. This is also expressed as,

A ¼ 1� k
1þ k

; k ¼ hrviion
hrviCX þ hrviion

. ð5Þ

Using A, the CX flux to the first wall, jþ0 , is given by
jþ0 ¼ Aj�0 , where j�0 is the total neutral flux towards
plasma, given as,

j�0 ¼
Z 0

�1
vfMðvÞdv ¼

1

2
� 1

4
na�va; ð6Þ

here �va ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8T a=map

p
with na, Ta and ma being the

atom density, atom temperature and mass of an
atom in the vessel, respectively. In a equilibrium
state, this flux is equal to 1

2
� 2� 1

4
nm�vm, which is a

molecule flux in the pressure gauge plenum where
�vm ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8Tm=mmp

p
, with nm, Tm and mm being the

molecule density, molecule temperature and mass
of a molecule, respectively. That is,

j�0 ¼ 1

2
� 1

4
na�va ¼

1

2
� 2� 1

4
nm�vm. ð7Þ

For Tm of room temperature �vm � 1:9� 103 m=s,
and from the measurement of the pressure gauge
nm = pm/(kBTm) � 2 · 1017 m�3 with a typical gas
pressure of pm � 10�3 Pa in LHD. Thus the fluence
of neutrals towards the plasma is,

C�
0 ¼ j�0 Swall � 3� 1022 atoms=s; ð8Þ

where Swall is the surface area of the first wall facing
to the plasma (�300 m2). For the edge plasma with
T < 100 eV, k � 1/2, so that A � 1/3. It then gives
the CX fluence to the first wall,

Cþ ¼ AC� � 1022 atoms=s. ð9Þ
0 0
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