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Abstract

Deuterium concentrations and depth profiles in plasma-facing graphite tiles used in the divertor of JAERI Toka-
mak-60 Upgrade (JT-60U) were investigated by nuclear reaction analysis (NRA). The highest deuterium concentration
of D/12C of 0.053 was found in the outer dome wing tile, where the deuterium accumulated probably through the deu-
terium–carbon co-deposition. In the outer and inner divertor target tiles, the D/12C data were lower than 0.006. Addi-
tionally, the maximum (H + D)/12C in the dome top tile was estimated to be 0.023 from the results of NRA and
secondary ion mass spectroscopy (SIMS). Orbit following Monte-Carlo (OFMC) simulation showed energetic deute-
rons caused by neutral beam injections (NBI) were implanted into the dome region with high heat flux. Furthermore,
the surface temperature and conditions such as deposition and erosion significantly influenced the accumulation process
of deuterium. The deuterium depth profile, scanning electron microscope (SEM) observation and OFMC simulation
indicated the deuterium was considered to accumulate through three processes: the deuterium–carbon co-deposition,
the implantation of energetic deuterons and the deuterium diffusion into the bulk.
� 2005 Published by Elsevier B.V.

PACS: 28.52.Fa; 28.52.Nh; 52.40.Hf; 52.55.Fa
1. Introduction

In a fusion tokamak reactor, tritium (T) and deute-
rium (D) are used as fuels of the discharge operation.
Some of the tritium will be retained on the surfaces
and in the bulk of the plasma-facing materials. It is
one of the most important issues to evaluate the tritium
inventory of in-vessel components in the present interna-
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doi:10.1016/j.jnucmat.2005.06.019

* Corresponding author. Tel.: +81 29 270 7431; fax: +81 29
270 7449.

E-mail address: hayashi.takao@jaea.go.jp (T. Hayashi).
tional thermal experimental reactor (ITER) design work
[1]. In tokamak experimental devices, many research
works regarding to plasma–wall interaction issues [2,3]
and erosion/deposition issues [4] have been reported.
In JT-60U, deuterium discharges have been initiated
from 1991. In order to estimate the tritium retention in
the future tokamak reactor including ITER, it is very
important to investigate the retention characteristic of
deuterium in JT-60U. After deuterium discharge period,
hydrogen discharges have been performed to remove tri-
tium from the plasma-facing wall in JT-60U. From a
viewpoint of radiological problem, then, hydrogen and
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tritium retention of in-vessel components in JT-60U
should be also evaluated.

Quite recently, qualitative analyses of deuterium and
hydrogen in plasma-facing carbon tiles have been per-
formed using SIMS [5,6]. Unfortunately, SIMS analysis
presently cannot give quantitative concentrations of
hydrogen isotopes such deuterium and hydrogen on
the surface of the graphite tile. On the other hand,
tritium distribution characteristic was investigated by
tritium imaging plate technique and full combustion
method, and it was clear that the tritium distribution
of the JT-60U W-shaped divertor reflects mainly the dis-
tribution of the energetic triton implantation on the
wall, which is produced by D–D nuclear reaction [7,8].
SEM analysis was also performed to investigate the
thickness of the deposition layer on each sample tile [9].

In this study, the absolute concentrations and the
depth profiles of deuterium in the graphite tiles used in
the W-shaped divertor of JT-60U were investigated by
NRA. The OFMC simulation of energetic deuteron
caused by deuterium NBI was also performed. In addi-
tion to OFMC result, by focusing on the relationship
between depth profile and surface conditions such as
redeposition and erosion, deuterium accumulation pro-
cesses were investigated in the study. Furthermore, the
tritium distribution of the divertor region was measured
by an imaging plate in order to compare with the deute-
rium distribution. The influence of hydrogen discharges
after the deuterium operation was also examined.
800
2. Experimental

2.1. Sample tiles

Fig. 1(a) shows a poloidal cross section of JT-60U
with the W-shaped divertor. Carbon fiber composite
(CFC) material is used for the divertor plate tiles (CX-
2002U), dome top tiles and a part of the baffle plate tiles
Fig. 1. (a) Poloidal cross section of JT-60U with the W-shaped
divertor. (b) Twenty sample locations for NRA and a typical
separatrix position in divertor region are also shown.
(PCC-2S). All other tiles are made of isotropic graphite
(IG-430U). Fig. 1(b) shows poloidal locations of ana-
lyzed samples for NRA in the W-shaped divertor region.
In the toroidal direction, the sample tiles were removed
from locations at the center between the toroidal mag-
netic field (TF) coils. In the operation period from June
1997 to October 1998, about 4300 pulse discharges
experiments (�3600 deuterium discharges and �700
hydrogen discharges) have been carried out with W-
shaped divertor configurations. Inner-private flux pump-
ing has been performed through a full toroidal inner
slot. The neutral beam injections (NBI) heating with
high power in the 14–23 MW range have been
conducted for more than 300 discharges. During this
operation period, about 1 · 1019 neutrons were pro-
duced by D–D reactions. Consequently, 1 · 1019 or
18 GBq of tritium was also produced. After deuterium
discharges period, hydrogen discharges were carried
out to remove the surface tritium of the carbon tiles.

Fig. 2 shows the maximum temperatures of the W-
shaped divertor tiles during the deuterium discharge.
The bulk temperatures were measured by thermocouples
embedded in the divertor tiles at 6 mm depth. The
vacuum vessel tiles were kept at constant baking temper-
ature of about 300 �C. The high temperatures of the
thermocouples were observed in plasma experiments
with high power NBI heating (�20 MW), aiming at
the steady-state high performance plasma discharge.
The thermocouple temperatures of the inner and outer
divertor tiles were relatively high. Moreover, the maxi-
mum temperatures of the outer divertor tiles (OD1–
OD3) were higher than those of the inner divertor tiles
(ID1–ID3). The finite element modeling analysis, which
was based on bulk temperature profile in each tile and
separatrix position, indicated that the temperatures
of the divertor tile surfaces were expected to be
200–400 �C higher than those of the thermocouples
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Fig. 2. Maximum temperatures of the thermocouples installed
in the divertor tiles at depth of 6 mm.
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shown in Fig. 2. Therefore, the highest surface tempera-
ture of the outer divertor tile is expected to be about
1100 �C [8].

2.2. Nuclear reaction analysis (NRA)

A deuterium accelerator of Fusion Neutronics
Source in Japan Atomic Energy Research Institute
(JAERI-FNS [10]) was used for NRA. The deuterium
depth profiles in the W-shaped divertor tiles were inves-
tigated by the deuteron beam. The experimental setup
for NRA is schematically shown in Fig. 3. The acceler-
ation energy of incident deuterons was 350 keV. The
incident beam of 6.5 mm diameter was adjusted to a par-
ticle current of about 0.6 lA. The finite element model-
ing analysis indicated that the temperature of the
analyzing surface was expected to be less than the bak-
ing temperature in JT-60U (300 �C). Thus the effect of
analyzing beam on the deuterium profiles is expected
to be small. The amount of incident charge is directly
measured from the sample with a positive bias supply
of about 150 V, which is used to prevent the influence
of secondary electron emission. Sample pieces, cut from
the tiles to the size of 20 mm · 20 mm · 2 mm plates,
were set on the movable manipulator with a sample
holder in the analyzing chamber. A silicon surface-bar-
rier detector (SBD) with 200-lm-thick silicon layer and
0.03-lm-thick Au coating layer was used to count high
energetic charged particles emitted from the samples.
The detector achieved energy resolution of 40 keV for
5.486 MeV a particles. The detection angle is 90�, and
Fig. 3. Experimental setup of NRA measurement in JAERI-
FNS. Conventional measurements using 350 keV deuteron
beam and a silicon surface-barrier detector with aluminum
absorber foil of 6 lm thickness.
the solid angle for detection was 1.1 · 10�2 sr. The active
area of the detector was covered with aluminum absor-
ber foil of 6 lm thickness in order to suppress scattered
deuterons. The cross-section data of D(d,p)T reaction
[11] were used for determination of absolute deuterium
concentrations in the samples.

Fig. 4(a) shows schematic arrangement of the
analyzed sample, the silicon detector with absorber foil,
and the incident deuteron beam. Fig. 4(b) shows
charged-particle spectra of the dome region samples
(DM1–DM4) and a fresh carbon sample, which was
made from CFC material and has not been used in JT-
60U. The surface-barrier detector was mounted at an
angle hout of 90� relative to the incident beam. The angle
hin, which denotes the angle between the incident beam
and the target surface in the laboratory system, is 60�.
The projected range of the deuteron beam accelerated
to 350 keV is 3.0 lm. Taking into account the incident
angle, the projected vertical depth from the surface in
the carbon tile is 2.6 lm. Accordingly, the depth profiles
by NRA were limited within 2.1 lm from the surface. In
Fig. 4(a), Ein is the incident energy of the monoenergetic
deuteron, and Eout is the energy of the charged particle
Fig. 4. (a) Schematic view of a part of experimental setup.
Incident angle and detection angles are hin = 60�, hout = 90�,
respectively. (b) Charged-particle spectra of NRA measure-
ments. The peaks at about 2.95 MeV reflect depth profiles of
deuterium.
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emitted from the sample. At the sample surface, the
energy Eout of the emitted particle is given by

Eout ¼ kðEin; houtÞEin; ð1Þ

k(Ein,hout) is the kinematic factor. This depends on
the beam energy, Q-value and the detection angle. In
the case of nuclear reaction at a depth point x1, the
charged-particle energy Esur at the sample surface is
given by

Esur ¼ kðE;houtÞ Ein�
dEin

dx

� �
x1

sinhin

� �
� dEout

dx

� �
x1

sinðhout�hinÞ
;

ð2Þ

where dEin/dx and dEout/dx are stopping power of the
incident particle in the sample and that of the emitted
particle in the sample, respectively. Ziegler’s data compi-
lation and the Stopping and Range of Ions in Matter
(SRIM) code were used to estimate the stopping power
in solids [12]. Because an absorber foil placed in front
of the surface-barrier detector in order to suppress scat-
tered deuterons, the emitted particle energy Edet at the
detector surface is given by

Edet ¼ kðE; houtÞ Ein �
dEin

dx

� �
x1

sin hin

� �

� dEout

dx

� �
x1

sinðhout � hinÞ
� dEab

dx

� �
d1; ð3Þ

where dEab/dx is the stopping power of the emitted par-
ticle in absorber foil and d1 is thickness of the absorber
foil.

The yield Y(E) of the nuclear reactions is given by

Y ðEÞdE ¼ NðEÞdE dr
dX

� �
DX/; ð4Þ

where N(E) is the areal concentration, dr/dX is the
differential cross section, DX is the solid angle and / is
the number of incident deuteron atoms. The areal con-
centration depth from x to x + Dx is described by the
following equation:

NðxÞ ¼
R EþDE
E Y dER xþDx

x
dEin

dx

� �
dxhdr

dXiDX
/

sin hin

. ð5Þ

The cross section of D(d,p)T reaction can be described
by the following equation [13]:

rðEÞ ¼
SðEÞ

E
exp �31:29Z1Z2

l
E

h i�1
2

� �
; ð6Þ

where S(E) is astrophysical S-factor in MeV barn. The S-
factor data of D(d,p)T reaction was used the value of
Ref. [14]. E is charged-particle energy in MeV, Z1 and
Z2 are atomic number of incident and target particles,
respectively, and l is reduced mass.

In Fig. 4(b), these spectra were normalized by the
number of incident deuterons, which was monitored
with the current digitizer. The thick solid line shows
spectrum of the fresh carbon sample. In these spectra,
the peaks at about 2.95 MeV and 2.66 MeV were arised
from protons due to D(d,p)T and 12C(d,p)13C reactions,
respectively. In this experimental setup, the detection
energy of the charged particle, emitted from D(d,p)T
reaction, decreases with depth of the reaction position
in the target sample. Thus the spectra show depth depen-
dent concentrations, and the peaks at about 2.95 MeV
reflect the depth profiles of the deuterium in the samples.

The energy resolution was evaluated from the peak
due to 12C(d,p)13C reaction using fresh carbon sample.
In the case of the nuclear reaction at the surface, the
total energy resolution was 73 keV. The energy strag-
gling of protons in aluminum foil of 6 lm thickness
was 51 keV. The geometric resolution was 34 keV. Thus,
the depth resolution of the NRA method using D(d,p)T
reaction was 1.0 lm.

The effect of the surface roughness on the depth pro-
file is discussed below. In order to eliminate errors caused
by microscopic roughness of the order of lm or less in
Rutherford backscattering spectroscopy (RBS), the inci-
dent angle between the probe beam and the target surface
is required to be more than 45� [15]. The incident angle in
the NRA of 60� is much larger than 45�. Assuming that
the relation between incident angle and errors caused by
microscopic roughness in the NRA is almost equal to
that of the RBS, the influence of the surface roughness
with respect to the incident particles is eliminated.
Besides the emission angle, hout � hin, is 30�, which is
smaller than 45�. Because the stopping power of the
emission particles, in the present case, of about 20 keV/
lm for 3 MeV protons in the carbon is much smaller
than that of the incident beam particles of about
110 keV/lm for 350 keV deuterons, the effect of the sur-
face roughness with respect to the emission particles is
estimated to be small. From a macroscopic standpoint,
because the incident beam of 6.5 mm diameter was much
larger than the microscopic roughness, the influence of
the roughness is averaged out.

2.3. SEM and dial gauge

In order to investigate the retention characteristic
and accumulation process of deuterium, we focused on
the relationship between depth profile and surface condi-
tions such as redeposition and erosion. The net depth of
erosion on the tile depends on effective tile-thickness
changes, due to both areal erosion and deposition. The
net depths in the eroded areas were measured by a dial
gauge, and the thicknesses of redeposition layers were
investigated by SEM [9]. In the SEM observation, verti-
cal-section faces of redeposition layers on the tiles were
prepared by fracturing the tiles in the poloidal direction.
The thickness of redeposition layers was estimated by
the differences of microstructures between base material
and redeposition layer.
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3. Results

3.1. Deuterium concentrations by NRA

Fig. 5(a)–(c) show deuterium depth profiles of the
divertor samples: (a) the inner divertor target region,
(b) the dome region, and (c) the outer divertor target
region. Deuterium concentration is given by an atomic
concentration ratio of deuterium to carbon (D/12C),
assuming the carbon density is 1.8 g/cm3. It should be
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Fig. 5. Deuterium depth profiles of D/12C ratios in the tiles of
(a) the inner divertor and baffle plate, (b) the dome unit, and (c)
the outer divertor and baffle plate.
mentioned that the deuterium concentrations at the
top surface region for all samples were very small. The
main reason is that hydrogen introduced by H–H dis-
charges replaced most of surface deuterium as discussed
later, and that surface temperatures of divertor tiles were
relatively high.

It is rather surprising to find the deuterium concen-
trations were very low in the inner divertor region where
was deposition-dominated area (see Fig. 7). As seen in
Fig. 5(a), the deuterium depth profiles of the ID1 and
ID2 samples were approximately flat at D/12C of
0.005. And ID3, the bottom of the inner divertor tile,
where no clear deposition was found, showed a little
lower concentration. In Fig. 5(c), the outer divertor
region except OD1 where were mostly eroded, also
showed very small and flat profiles with D/12C of
0.0004 and 0.0019 for OD2 and OD3, respectively.
Although OD1 showed a small peak at 0.8 lm, D/12C
in the deeper area was nearly the same to that of OD3.

Compared to lower concentrations in the divertor
area, the concentrations were high at both baffle plates
and dome area where plasma did not directly hit. The
highest deuterium concentration in the entire divertor
region of JT-60U was found at the bottom of the outer
dome wing tile (DM4) with the maximum D/12C of
0.053 at 1.6 lm depth, and keeping high concentration
deep inside. Such low D/12C must be attributed to rela-
tively high surface temperature of the dome tiles
(�800 K). The saturation concentration of the hydrogen
implanted in graphite is about 0.4–0.5 (H/C) at room
temperature and decreases with temperature [16]. The
H/C at 800 K is reported to be �0.08 [16]. The difference
between D/12C obtained by NRA and H/C in Ref. [16] is
probably attributable to hydrogen introduced by H–H
discharges performed after D–D discharges.

Another sample from the same outer dome wing
(DM3) showed also very high concentration but a little
smaller than that of DM4. The deuterium concentration
in the inner dome area (DM1) was much smaller with
the peak, which was much shallower than those for the
outer dome wing. The maximum D/12C and peak posi-
tion for DM2 (the dome top) and DM1 (the inner dome
wing) were 0.019 at 0.3 lm, and 0.006 at 0.3 lm depth,
respectively.

Fig. 6 compares the integrated deuterium amounts
within 2.1 lm from the surface given in D/cm2 and the
maximum D/12C ratios. One can clearly see high deute-
rium concentration at the outer dome wing and both
baffle plates.

3.2. Redeposition and erosion

Fig. 7(a)–(c) show poloidal distributions of the rede-
position layer thickness and erosion depth on JT-60U
divertor tiles: (a) the dome unit, (b) the inner divertor
target [9], and (c) the outer divertor target [9]. In the
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inner divertor (Fig. 7(b)), continuous redeposition layers
of up to 60 lm were found on the surface. On the other
hand, Fig. 7(c) indicates that erosion was more domi-
nant than deposition in the outer divertor region, the
surface of the tile was eroded to a depth of 20 lm. As
shown in Fig. 7(a), the continuous layers and globular
or island shaped depositions were mixed on the surface
of the dome region. The NRA measurements were per-
formed using the deuteron beam of 6.5 mm diameter
(Section 2.2). Because the globular depositions were
sparsely scattered on the surfaces, the influence for eval-
uating the deuterium concentration was relatively low.
However, the continuous layer directly influenced the
deuterium depth profile obtained by NRA.

3.3. Deuterium accumulation in the dome region

The highest deuterium concentrations in the whole
divertor region were found in the bottom of the outer
dome wing tile (DM4). The DM4 sample had maximum
D/12C of 0.053 at 1.6 lm depth. In typical plasma oper-
ations of JT-60U, the neutral pressure at the outer diver-
tor region was smaller than that at the inner divertor
region [17]. However, NRA results showed the deute-
rium concentration in the outer dome wing tile (DM3
and DM4) was higher than that of the inner dome wing
(DM1). Because the continuous redeposition layers were
slightly observed on the DM4 sample region, the high
deuterium concentration may be attributed to the deute-
rium–carbon co-deposition in the DM4 region.

The deuterium depth profile of the DM4 sample had
a deeper peak than the DM2 sample (Fig. 5(b)). This
may be because hydrogen-containing layers were made
upon the deuterium-containing layers during hydrogen
discharge period. As a result, depth profile with a deep
peak most likely indicates an existence of redeposition
layer. Moreover, the outer dome wing tile was located
facing the outer divertor target tile, which was severely
eroded area. The carbon sputtered at the outer divertor
tile may directly and/or indirectly accumulate as the
deuterium–carbon co-deposition on the outer dome
wing tile.

In the dome top tile (DM2), the deuterium depth pro-
file had a shallower peak at 0.3 lm depth than the DM4
sample. No remarkable redeposition layer has been
observed by SEM. This probably indicates that the deu-
terium have not accumulated as the deuterium–carbon
co-deposition in the region. In deuterium plasma, the
deuterium diffuses into the plasma-facing wall depend-
ing on the surface temperature, because the dome top
tiles and divertor target tiles were made from CFC mate-
rial. In the inner dome wing tile (DM1), SEM observa-
tion showed continuous redeposition layer was not
remarkably observed on the surface (Fig. 7(a)). Thus
the deuterium retention was relatively low, and the
concentration decreased with the depth.
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3.4. Deuterium accumulation in the inner divertor region

The redeposition was more dominant than erosion in
the inner divertor region as described in Section 3.2.
NRA results showed the deuterium depth profiles of
the ID1 and ID2 samples were low and approximately
flat at D/12C of 0.005 up to depth of 2.1 lm
(Fig. 5(a)). The thermocouple temperatures of the sam-
pled positions were by 150 �C higher than the baking
temperature of the vacuum vessel at 300 �C (Fig. 2),
because separatrix strike positions were very close to
these sample locations. In the SEM analysis, the thick-
nesses of redeposition layers on the ID1 and ID2 sam-
ples were �20 lm and �60 lm, respectively. During
the experimental period, hydrogen discharges were car-
ried out after deuterium discharges.

Considering that the analyzed depth of NRA was
2.1 lm, the hydrogen–carbon co-deposition layers,
which have been deposited during the hydrogen experi-
mental period, had a considerable influence upon the
deuterium retention in the analyzed region. In the
hydrogen discharge, residual deuterium gas was
involved in the hydrogen–carbon co-deposition. Addi-
tionally some deuterium, which was contained in the
deuterium–carbon co-deposition layer made during deu-
terium experimental period, might diffuse toward the
surface of the hydrogen–carbon co-deposition layer
due to the high temperature of the redeposition layer
on the surface. Thus the low deuterium concentrations
and flat depth profile were mainly caused by the hydro-
gen–carbon co-deposition under high temperature con-
dition of the inner divertor target tiles (ID1 and ID2).
The flat depth profiles of ID1 and ID2 were unique
except for eroded region samples (OD2 and OD3) dis-
cussed in Section 3.5. The thick redeposition layers
above 2 lm were only observed on the ID1 and ID2
samples. These results probably indicate that the hydro-
gen isotopes in the redeposition layer diffused easier than
that of the base graphite. This may be attributable to
that the surface temperature was much higher than that
measured by thermocouples shown in Fig. 2, because the
thermal conductivity of the redeposition layer might be
relatively lower than base graphite.

In case of ID3 sample, the continuous redeposition
layer was not remarkably observed on the surface by
SEM (Fig. 7(b)). Therefore unlike in case of the ID1
and ID2 samples, the deuterium concentration
decreased with the depth, because there was little influ-
ence of the redeposition layer. The deuterium depth
profile showed that some deuterium in the near surface
was replaced by hydrogen during hydrogen discharges.

3.5. Deuterium accumulation in the outer divertor region

The erosion was more dominant than redeposition in
the outer divertor region as described in Section 3.2.
NRA results showed that the deuterium concentrations
were relatively low in the outer divertor region
(Fig. 5(c)). The depth profiles of the OD2 and OD3 sam-
ples were approximately flat. The temperatures were
considerably high in the outer divertor tiles (Fig. 2). In
a dial gauge measurement, the surfaces of the OD2
and OD3 samples were eroded depth of up to 20 lm
(Fig. 7(c)), because these samples were removed from
the severely eroded region due to the outer separatrix
touched to the outer divertor tiles. When the surface
of the tile was eroded, the deuterium, which was con-
tained in the surface region, hardly accumulated in the
tile. On the other hand, the deuterium may diffuse into
the pore of the graphite substrate because of the high
temperature of the tile. Therefore the reasons for low
deuterium concentrations and flat depth profiles were
mainly the erosion of the surface, and the diffusion into
the bulk under high temperature condition of the outer
divertor tiles (OD2 and OD3).

In case of the OD1 sample, the erosion was not
severely unlike the OD2 and OD3 samples (Fig. 7(c)).
Because the continuous redeposition layers were slightly
observed on the surface, the erosion was comparable
with redeposition on the OD1 sample. Therefore, the
erosion had little influence on the deuterium accumula-
tion. Unlike in case of the severe eroded region (OD2
and OD3), the deuterium concentration of the OD1
sample decreased with the depth. The maximum D/12C
of the OD1 sample was higher than those of the OD2
and OD3 samples, and the deuterium in the near surface
was replaced by hydrogen during hydrogen discharges.
4. Discussion

4.1. Hydrogen concentration by NRA and SIMS

The absolute deuterium concentrations in the subsur-
face layer of the carbon tiles were evaluated by NRA.
Hydrogen discharges have been carried out after deute-
rium-discharge period to remove the tritium from the
plasma-facing wall in JT-60U. Accordingly, it is very
important to evaluate the hydrogen retentions in the
carbon tiles. Up to now, the qualitative analyses of deu-
terium and hydrogen retained in carbon tiles have been
performed using SIMS [5,6]. It can give only signal
intensity ratios of deuterium (hydrogen) signals to car-
bon-12 signals (D/12C and H/12C). Unfortunately, this
technique presently cannot give quantitative concentra-
tions of hydrogen isotopes such as deuterium and hydro-
gen. In order to estimate hydrogen concentrations, we
have used both the deuterium concentrations measured
by NRA and the signal intensity ratios of H/12C and
D/12C obtained by SIMS analysis. The comparison
was applied to the dome top sample (DM2) in order
to avoid the influence of surface conditions such as
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erosion and deposition, because no severe erosion and
no remarkable redeposition layer were found on the
region (Section 3.2).

Fig. 8(a) shows the depth profiles of D/12C obtained
by SIMS [5] and NRA in the dome top tile (DM2). In
the figure, the ratios of SIMS analysis were normalized
by the maximum signal intensity ratio of D/12C at
0.3 lm depth. The NRA results showed maximum
D/12C ratio was 0.019 at 0.3 lm depth. These depth
profiles of D/12C ratios were consistent with each other.
From the results of the integral D=12C ð

P
D=12CÞ

values obtained by NRA and SIMS, we can evaluate
the detection efficiency of deuterium measurement in
SIMS analysis. Moreover, the SIMS analysis can give
the signal intensity ratios of H/12C as well as D/12C.
Assuming the detection efficiency of hydrogen measure-
ment in the SIMS analysis is equal to that of deuterium
measurement, we can estimate the hydrogen concentra-
tions by both the detection efficiency and H/12C ratios.

From the results of NRA and SIMS, the depth pro-
files of H/12C, D/12C and (H + D)/12C, which was added
the signal intensity ratio of H/12C to that of D/12C, were
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Fig. 8. In the dome top tile, (a) the depth profiles of D/12C
measured by NRA and the signal intensity ratios of D/12C
obtained by SIMS. (b) H/12C, D/12C and (H + D)/12C ratios
estimated by the results of NRA and SIMS.
obtained (Fig. 8(b)). In the very-near surface region
(<0.002 lm), the H/12C ratio was considerably high,
probably due to subsequent water adsorption when
exposed to air. Except for the surface region, the
H/12C ratios slowly decrease with depth. Comparison
of the hydrogen depth profile with the deuterium depth
profile showed that the deuterium in the near surface
was probably replaced by hydrogen during hydrogen
discharges. The maximum hydrogen isotopes concentra-
tion was estimated to be (H + D)/12C of 0.023 at a depth
of 0.1 lm, except for surface contamination. The depth
profile of (H + D)/12C had a shallower peak than that
of D/12C, because the hydrogen was retained in the shal-
lower region than the deuterium. A large amount of deu-
terium was retained in the deep area in the dome top tile.

4.2. OFMC simulation

In JT-60U, the deuterium neutral beams have been
injected into deuterium plasmas. The positive-ion based
neutral beam injection (PNBI) system consists of 11
beam lines, i.e., seven vertical and four tangential beam
lines. The negative-ion based NBI (NNBI) system equips
a tangential beam line. The incident neutral deuterium
was ionized in the plasma. The energetic deuteron has
been lost by ripple loss caused by the finite number of
TF coils. In order to assess the energetic deuteron loss,
the OFMC code [18,19] was used for a typical plasma
operation of a high bp H-mode. The ionizing points
and pitch angles of deuteron test particles were deter-
mined by the Monte-Carlo method. Coulomb collisions
between the energetic deuterons and the plasma were
also simulated with the method. Each test particle orbit
was followed until it collided with the wall or slowed
down to thermal speed (�10 keV).

Fig. 9(a) shows the heat flux distribution of the ener-
getic deuterons on the wall in a typical plasma operation
of a high bp H-mode. This figure is a 1/18 portion of the
first wall cut under the TF coils. This plasma operation
was performed aiming at a steady-state high perfor-
mance plasma discharge in the operation period
described in Section 2.1. The plasma current and toroi-
dal field were 1.5 MA and 3.6 T, respectively. The six
vertical and four tangential PNBI were injected to the
plasma, which was applied to the simulation. Total
NBI power was 19 MW, though NNBI was not injected
to the plasma. When the neutral beam is injected, some
energetic particles are lost by charge exchange. The
influence of the particle loss due to the charge exchange
was considered in the simulation. In Fig. 9(a), the heat
flux of the outer baffle plate region was highest in the
entire wall.

In the divertor region shown in Fig. 9(b), the heat
flux had its maximum at the dome top tile (DM2 region)
and upper part of the outer dome wing tile (DM3
region). In the toroidal direction, the heat flux was high



Fig. 9. The heat flux distribution of the energetic deuterons on the wall in a typical plasma operation of a high bp H-mode, (a) at full
poloidal view and (b) in the W-shaped divertor region.
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at the center between the TF coils due to ripple loss. The
distribution of energetic deuterons was almost consistent
with that of the tritium distribution [8] in JT-60U. The
OFMC simulation indicated that 0.4% of incident deute-
rium was implanted into the dome top region. During
the discharge period from 1997 to 1998, the average
energy of incident deuterium, average beam power and
total incident time were 85 keV, 8 MW and 1.2 · 104 s,
respectively. Considering the influence of ripple loss,
the fluence and incident energy of deuteron implanted
into the dome top tile (DM2 region) at the center
between the TF coils was calculated to be �1019 cm�2

and �50 keV, respectively. The projected range of
50 keV deuteron in the carbon tile is about 0.7 lm.
Compared with the peak at 0.3 lm depth of the DM2
deuterium depth profile (Fig. 5(b)), the deuterons were
probably implanted at an angle. NRA showed the deu-
terium retention of the DM2 region was 1.7 · 1017 D/
cm2 (Section 3.1). The OFMC simulation indicated that
the estimated fluence on the DM2 region was 1019 cm�2.
Under such high fluence condition, the deuterium con-
centration must be saturated.

In case of the DM3 sample, the deuterium depth pro-
file had a deeper peak than the DM2 sample. This may
imply that the energetic deuterons were almost vertically
implanted into the DM3 region, because the setting
angles of the dome top tile (DM2) and the outer dome
wing tile (DM3) in the W-shaped divertor were differ-
ent. The continuous redeposition layers have not been
remarkably observed on both DM2 and DM3 regions
by SEM. Thus, the deuterium accumulated through
implantation of energetic deuteron in the dome top
region (DM2 and DM3).

Because hydrogen NBI was carried out during the
hydrogen discharges, the energetic proton caused by
hydrogen NBI was also implanted into the DM2 and
DM3 regions. The projected range of 50 keV proton in
the carbon tile is about 0.5 lm, which is shorter than
that of deuterium (0.7 lm). Thus the deuterium trapped
in shallow area was replaced by hydrogen during hydro-
gen discharges. In Fig. 8(b), the deuterium and hydrogen
depth profiles of the DM2 sample indicate that hydro-
gen was accumulated especially in surface region.

4.3. Comparison with tritium distribution

In order to compare to the deuterium distribution of
the W-shaped divertor region, an imaging plate was used
for measurement of the tritium distribution. Fig. 10
shows tritium and deuterium distributions on the ana-
lyzed points of NRA samples. In the figure, the tritium
retentions were calibrated by that of the dome top sam-
ple (DM2), in which the highest tritium retention was
recorded through the entire divertor region. The deute-
rium distribution differed from tritium one, especially
in the dome region. The highest tritium retention was
observed at the DM2 sample, while the highest deute-
rium retention was found at the bottom of the outer
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dome wing tile (DM4). These results indicate that the
accumulation processes of the deuterium and tritium
were different from each other.

The tritium distribution of the W-shaped divertor
reflects mainly the distribution of the energetic triton
implantation on the wall, which is produced by D–D
nuclear reaction [8]. Because the deuterium gas was fed
for plasma discharges in JT-60U, there were much more
deuterium than tritium. Thus, the amount of tritium
which accumulated through tritium–carbon deposition
is much less than that of deuterium.
5. Conclusions

Quantitative concentrations and depth profiles of
deuterium in the subsurface of the CFC and Graphite
tiles used in the W-shaped divertor regions were investi-
gated by NRA. The highest deuterium concentration,
D/12C of 0.053 at 1.6 lm depth, was found at the outer
dome wing tile (DM4), of which the temperature was
relatively low. The deuterium depth profile and SEM
observation showed that the deuterium accumulated
probably through the deuterium–carbon co-deposition
in the outer dome wing tile.

In the inner divertor target region (ID1 and ID2), the
thick redeposition layers were observed on the surface
by SEM. The deuterium concentrations of D/12C were
lower than 0.005. The low deuterium concentrations
and flat depth profiles were mainly caused by both the
hydrogen–carbon co-deposition and the high tempera-
ture condition of the inner divertor target tiles. In the
case of the outer divertor target region (OD2 and
OD3), the surfaces of the tiles were severely eroded,
and the deuterium concentrations were lower than the
inner divertor tiles. The low deuterium concentration
and almost flat depth profile may be caused by the ero-
sion of the surface, and the deuterium diffusion into the
bulk under considerably high temperature in the outer
divertor target regions.

In the dome top tile (DM2), first quantitative estima-
tion of hydrogen concentrations was also performed
through the results of NRA and SIMS analysis. The
deuterium accumulated deeper area than the hydrogen.
The maximum (H + D)/12C was estimated to be 0.023
except for surface contamination, though the maximum
D/12C was 0.019. According to OFMC simulation, ener-
getic deuterons caused by NBI were implanted into the
dome top region with high heat flux. Therefore, the deu-
terium was considered to accumulate through the
implantation of energetic deuteron into the top tile
(DM2) and the upper part of the outer dome wing tile
(DM3).

The surface temperature and conditions such as
deposition and erosion significantly influenced the accu-
mulation process of deuterium. On the whole, in the
W-shaped divertor on JT-60U, the deuterium accumu-
lated mainly through three processes: the deuterium–
carbon co-deposition, the implantation of the energetic
deuteron caused by deuterium NBI and the deuterium
diffusion into the bulk.
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