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Abstract

Plasma-wall interactions at the first wall in fusion experimental devices are critical for the life time of plasma-facing
components and tokamak operation. In-situ measurements of these plasma-wall interaction processes are required in
long pulse devices in order to understand better the underlying mechanisms as well as monitoring of the tritium content
of the first wall as an immediate safety application. In this work we present measurements of the deuterium retention
in the first wall of EAST using laser-induced ablation spectroscopy. The diagnostic is applied during plasma operation
and the dynamic retention for graphite and tungsten as plasma-facing materials are compared, showing more than three
times higher short-term retention in graphite than in tungsten. Laser-based analysis is applied during a shift of the
vertical positions of the plasma column in limited as well as in the start-up phase of discharges in diverted magnetic
configuration. Plasma core densities of ne = (1.5 − 3.2) × 1019/m3 are chosen to vary the ion flux to the first wall and
study saturation effects of deuterium on the surface first wall materials during tokamak plasma operation. A linear
dependence of the retention from ion fluence is observed for graphite as PFC up to 3 × 1018 D+/cm2, followed by a
constant retention up to fluences of 3.5 × 1019 D+/cm2 for nearby first wall temperatures of TPFC ≈ 350 K.

Keywords: Laser–induced ablation spectroscopy, Plasma-facing components, Deuterium retention, In-situ analysis,
EAST tokamak

Highlights

� Combined LIBS and LIAS measurements were applied
to determine the dynamic deuterium retention in C
and W during EAST discharges.

� LIAS measurements show more than three times5

higher deuterium retention in graphite than in tung-
sten during EAST discharges.

� The deuterium retention on the graphite PFC is sat-
urated within 0.2 s plasma exposure for limited mag-
netic configuration when the plasma actively touches10

the first wall.

� The deuterium retention in the start-up phase is sig-
nificantly larger than during the discharge for diverted
magnetic configuration.

1. Introduction15

To demonstrate the capability of quantitative deuterium
retention determination of Plasma-Facing Components

∗Corresponding author.
Email address: huzh@ipp.ac.cn (Zhenhua Hu)

(PFCs) by laser-based techniques during discharges is a
key challenge in fusion research. It is investigated as can-
didate for in-vessel fuel retention determination in long20

pulse devices with actively cooled PFCs [1, 2] and can
help to increase the understanding of Plasma-Wall Inter-
actions (PWI) like material deposition and transport [3, 4].
Laser-Induced Breakdown Spectroscopy (LIBS) [5, 6] re-
sults show that this technique is suitable for measure-25

ments of hydrogen isotope retention in materials like C
and W [7, 8].

Laser-Induced Ablation Spectroscopy (LIAS) is an
operando method for fuel retention analysis [9, 10, 11] in
which a short, intensive laser pulse ablates first wall ma-30

terial during the discharges. Atoms of the ablated surface
layer enter the edge plasma of the tokamak, are excited and
emit characteristic radiation with higher emission intensi-
ties than for LIBS [12], which consequently can increase
the limit of detection.35

The Experimental Advanced Superconducting Tokamak
(EAST) is very suitable for PWI investigations with its
capabilities of long-pulse and high-performance operation,
like a stable steady-state high confinement plasma of more
than 100 s [13]. Thus the deuterium recycling and wall re-40
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tention can be determined multiple times during one dis-
charge for which the combined LIBS and LIAS measure-
ment technique was demonstrated successfully in EAST
before [14]. In this publication results are presented in
which LIAS measurements were performed during pro-45

grammed vertical movements of the plasma column which
vary the incident ion flux to the first wall at the measure-
ment location on the High Field Side (HFS) of the toka-
mak. Optical emission of Balmer lines during the LIAS
process are compared with ion flux measurements carried50

out with nearby located Langmuir probes. The analysis
is applied for discharges of different densities in limited
magnetic configuration of EAST with ion fluxes of several
A/cm2 to the first wall to check the influence and fuel
retention behavior in the start-up phase of discharges in55

diverted magnetic configuration.

2. Experimental Setup

The combined LIAS and LIBS setup for in-situ and pos-
sible operando short-term deuterium retention analysis of
different first wall materials is located at the H-port of60

EAST. In this section an overview of the main aspects
of the setup is given, a more detailed description can be
found in previous publications [14, 15].

2.1. Setup for laser-induced analysis of the first wall

The output of a short, intensive pulse Nd:YAG laser is65

guided via a focusing optical lens and through a quartz
glass window into the main vacuum vessel of EAST and
onto the first wall HFS. With a laser wavelength of λp =
1064 nm, a pulse duration of tp = 6 ns and pulse ener-
gies of Ep = 200 mJ, several tens of nanometers of the70

first wall material are ablated locally whereas the rate de-
pends on the investigated material itself. For the deu-
terium retention analysis, samples of molybdenum (Mo),
Doped graphite (C: GBST1308 1%B4C, 2.5%Si, 7.5%Ti
with thick SiC gradient coatings [16]) and tungsten (W)75

with a size of 1 cm2 each are embedded in the first wall
tiles, which can be seen in a camera picture in Fig. 1.
The analyzed PFCs are located below the mid-plane of the
tokamak and thus below the central position of the plasma
column in limited configuration. The laser pulses induce80

crater with a diameter of dCr ≈ 1.5 mm in the ablation
process [14].

A second window, adjacent to the one for laser excita-
tion is used for observation of the laser-induced radiation
at the first wall materials surface (LIBS) and of the ablated85

atoms entering the edge plasma of the tokamak (LIAS). A
beam splitter divides the emitted radiation into two light
paths with equivalent intensities. One path of the radia-
tion is analyzed by a high speed camera for LIAS analysis,
which is presented in the following section. The second90

part uses a collection lens to guide the emitted radiation
to an optical fiber which is connected to a spectrometer
for LIBS analysis. Here characteristic line emissions de-
pict the wall material, retained fuel as well as impurities.

Fig. 1. Camera image of the HFS at H-port with Mo, C and W
samples on the Mo first wall. A photo of two dismounted first wall
tiles with the sample inlets is overlayed.

LIBS measurements [17, 18] are performed simultaneously95

to LIAS, but will not be discussed in this publication.
Within the experiments, LIBS signals are used to confirm
the analyzed first wall material which is ablated by the
laser pulses.

2.2. LIAS signal analysis100

When the laser-induced ablated atoms enter the edge
plasma, again characteristic radiation is emitted. The high
speed camera (PCO dimax S with 1102 fps and CMOS im-
age sensor S4 : 2016 × 2016 pixel, 11µm × 11µm pixel
size) for deuterium retention analysis is equipped with a105

narrowband filter (central wavelength = 656.3 nm, band-
width I50% = 1.5 nm) to detect Dα radiation spatially-
and time-resolved. A long time exposure image with
∆ti = 1.5 s is shown in Fig. 1 to visualize the analyzed
field of view. Three entire inner wall Mo tiles are observed110

in the center of the frame with covered sections in the up-
per part by a bar and the lower corners. The shadowed
parts only slightly influence the data evaluation as they are
not close to the the analyzed first wall material samples.
A photo of two dismounted first wall tiles with Mo, C and115

W samples in the center is overlayed in Fig. 1. Light dots
on the sample show laser-induced craters in the first wall
materials.

For the deuterium retention studies during the EAST
discharges, an exposure time of ∆ti = 100µs is chosen120

to integrate over the whole radiation emission caused by
one laser-induced ablation. With an almost collinear ar-
rangement of laser excitation and observation angle, also
the emission of radiation at the surface of the PFC (which
is also analyzed by LIBS) is detected with the camera.125

Camera images of laser-induced interactions at time tLP
with the EAST discharge starting at t = 0 s are shown
in Fig. 2. The toroidal and poloidal coordinates x and y
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#86648: tLP  = - 0.1 s
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Fig. 2. Camera image (∆ti = 100µs) of Dα radiation after
laser-induced ablation of graphite PFC before (top) and during
(bottom) EAST discharge #66648. The evaluated regions of
interest for LIAS analyses are shown as red and green boxes.

refer to the dimensions at the HFS first wall and are deter-
mined from Fig.1 with known sample sizes. The first image130

at tLP = −0.1 s shows the laser-induced interaction at the
surface of the first wall without EAST plasma (in follow-
ing called LIBS signal). The position x/y = 0 mm/0 mm is
set as the laser-induced interaction position with the PFC.
The diameter (full-width at half maximum in toroidal di-135

rection) of the emission plume is 0.5 cm. In addition to
the LIBS signal, the second image shows the emission of
ablated deuterium atoms entering the edge plasma with a
plume diameter (Dα emission greater than the noise level)
of more than 10 cm. The integrated signal from the green140

box shown in Fig. 2, including the LIBS signal, is used for
a comparison of the retention in graphite and tungsten. To
exclude the LIBS signal, alternatively the integrated cam-
era signal from the red boxes is taken for the LIAS analysis,
which is called LIAS intensity in following sections. For145

each image and for the LIAS intensities the average sig-
nal of two camera images taken 218µs and 109µs earlier
is subtracted to exclude the time depended Dα radiation
from the EAST plasma. Average signals of the boxes are
compared in section 4, Table 1.150

3. EAST discharge parameters

The presented analyses were performed for deuterium
discharges. Dedicated experiments with a variation of the
vertical plasma column for discharges in limited magnetic
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Fig. 3. Magnetic reconstruction of the LCFS for limited and
diverted magnetic configuration. The colors indicated different
times where LIAS is applied: t = 2.1 s, t = 4.1 s and t = 6.1 s.

configuration as well as studies of the start-up phase in155

diverted magnetic configuration are evaluated.

A limited magnetic configuration was chosen to have
significant particle flux to the first wall PFCs during the
discharges optimized to apply LIBS and LIAS on first wall
samples. The plasma is shifted downwards within the flat160

top phase of the discharge. A magnetic reconstruction of
the LCFS for several times where LIAS is applied is shown
together with the sample location in Fig. 3. As shown in
Fig. 4, a shift by 4.5 cm is achieved which results in vari-
ation of the ion flux to the limiter due to larger distance165

between the Last Closed magnetic Flux Surface (LCFS)
and the measurement location at the limiter. Three dedi-
cated discharges are shown to demonstrate the equivalent
column shifting for different plasma densities. The ion
flux Γ to the wall on the HFS in H section of the tokamak170

is determined from saturation current measurements by a
triple langmuir probe nearby the samples for laser-induced
analyses. As the vertical position of the plasma column is
shifted only by a few centimeters, only a moderate increase
of Γ is observed during the movement. As the analyzed175

PFCs are located below the mid-plane, the spacial distri-
bution of the ablated particles entering the plasma varies
for different position of the LCFS. Still, the observed vol-
ume is large enough to detect the LIAS signal for the differ-
ent plasma columns. The times of the laser-induced PFC180

analyses are marked in blue in Fig. 4. Five laser pulses
are used before the discharge to clean the surface of the
analyzed PFC position from lithium and establish equiv-
alent conditions. Two laser pulse are applied after the
start-up phase and four laser pulses during the shifting185

of the vertical plasma column. The exposure time of the
PFC in between the laser-based analysis is ∆texp = 0.2 s
to ∆texp = 2.1 s. Measurements of the infrared thermo-
graphic system nearby the location for laser-induced PFC
analyses show a slight increase of the first wall tempera-190

tures from TPFC = 338 K to TPFC = 342 K.
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Fig. 4. Electron density ne and the vertical position of the plasma
column in limited magnetic configuration discharges with HFS
triple langmuir probe measurements of the electron density ne(L),
temperature Te(L) and ion flux to first wall Γ. The times of the
laser-induced analyses are shown in blue.

In the measurements with diverted magnetic configura-
tion, which is present after the start-up phase of t ≤ 0.9 s,
the laser-induced analysis is performed every ∆texp = 0.2 s
during the start-up phase.195

4. Results and discussion

4.1. Plasma column variation

For discharges in limited magnetic configuration, LIAS
intensities (counts added up from the red box in Fig. 2) are
shown in Fig. 5 over the vertical position of the plasma col-200

umn. The LIAS intensity is rising as the plasma is shifted
downwards, both for an analysis of the deuterium reten-
tion in C (blue circles) and in W (red crosses). Linear
fit lines are shown as guide to the eye. The average deu-
terium signal for laser-induced ablation of W as PFC is 3.5205

times lower than for C. Moreover Fig. 5 shows that only
a moderate dependence on the exposure time ∆texp of the
PFCs, shown as color of the data points, is observed. This
will be further discussed in section 4.2.

To compare the deuterium retention in graphite and210

tungsten, the whole LIAS signal needs to be evaluated.
The average deuterium intensities for two regions of inter-
est, shown as boxes in Fig. 2, can be found in Table 1.

For box 2, the average camera picture intensity of a215

laser-induced ablation without EAST plasma operation is
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Fig. 5. LIAS deuterium signal over the vertical position of the
plasma column in limited configuration. The exposure time of the
analyzed PFC location texp is shown color coded for C in blue
circles and W in red crosses.

Table 1: Average high speed camera signal counts of the LIAS
deuterium intensities I in Fig. 5 for box 1 and box 2 shown in
Fig. 2.

PFC C W C/W

Emission LIBS LIAS+LIBS LIBS LIAS+LIBS LIAS
in in 105 counts ratio

I (box 1) - 8.43 - 2.39 3.5
I (box 2) 3.56 56.46 1.63 17.42 3.4

subtracted to calculate the LIAS signal without LIBS sig-
nal. The laser-induced emission at the first wall surface is
not included in the signal of box 1.

In C a 3.4 times higher LIAS intensities signal is ob-220

served than in W. This ratio of LIAS intensities is equal
to the ratio of the deuterium retention in graphite and
tungsten if a perturbation of the EAST plasma by the ab-
lated atoms is neglected and edge plasma parameters are
equivalent for analysis of C and W as PFC. Note that the225

thermal penetration depth of the laser is higher in W and
thus more desorbed deuterium from the surrounding ma-
terial is released than for C. Consequently the ratio of 3.4
is a lower limit of the deuterium retention C to W ratio.
Also a possible influence from lithium on the surface of230

surrounding material is neglected.

4.2. D retention dependence on the ion fluence

The low dependence of the LIAS intensity on the expo-
sure time ∆texp and thus the ion fluence indicates, that the
deuterium retention can be saturated already after 0.2 s of235

plasma operation in flat top phase for limited magnetic
configuration with the present plasma densities. In Fig. 6
the LIAS intensity of graphite as PFC is plotted over the
ion fluence to the first wall, determined by langmuir probe
measurements of the ion flux times the exposure time240

∆texp of the PFCs. For fluences F ≥ 3 × 1018 D+/cm2

4



1018 1019

Fluence F (D+/cm2)

t L
P

4

6

8

10

12

LI
A

S
 in

te
ns

ity
 (

a.
u.

)

105

0.0 s

2.1 s

4.1 s

5.1 s

6.3 s

Δ t    > 1.5 s
exp/

/ Δ t    = 0.2 s
exp

Fig. 6. Deuterium signal over ion fluence measured by a langmuir
probe for an analysis of graphite as PFC. The time of the laser
pulse tLP color coded and different exposure times ∆texp are shown
with different markers.

0 2 4 6 8 10 12

Fluence F (       D+ /cm2)1017

0

1

2

3

4

5

6

7

8

9

LI
A

S
 in

te
ns

ity
 (

a.
u.

)

105

0.1 s

0.3 s

0.5 s

0.7 s

0.9 s

1.1 sStart up phase/
Diverted configuration

t L
P
 

Fig. 7. LIAS intensity of deuterium in graphite for the start-up
phase (circles) and in diverted magnetic configuration (crosses) for
discharges #93922 to #93924. The time of the laser pulse is shown
color coded.

the LIAS intensities are as high for ∆texp = 0.2 s as for
∆texp > 1.5 s within the signal fluctuation. Consequently
here a near-surface saturation is reached for the present
EAST plasma properties and a local equilibrium of D re-245

tention is present. For F < 3 × 1018 D+/cm2 LIAS inten-
sities are lower for minor fluences.

4.3. Start up phase analysis

To analyze a lower respectively ion fluence or flux
regime, the start-up phase of EAST discharges in diverted250

magnetic configuration is investigated. Fig .7 shows the
LIAS intensities over the fluence of three discharges. For
these measurements, the beam splitter in the collection op-
tics of the LIAS set up was replaced by an optical mirror
to analyze the whole signal with the high speed camera.255

The LIAS intensity signals in Fig .7 were reduced by 50%

to have equivalent intensities like in the previous data of
Fig. 6.

Within the start-up phase, a linear rise of the deu-
terium signal is observed. When the diverted config-260

uration is reached after t = 0.9 s and the ion flux is
much lower, the deuterium retention is reduced by about
35% (pink crosses). The LIAS intensities for fluences of
F ≈ 1 × 1018 D+/cm2 during the start-up phase are in
good agreement with equivalent fluences observed in lim-265

ited configuration in Fig. 6. Note that here the edge
plasma conditions are not as stable as in the flat top phase
of the dedicated discharges in limited configuration. Still,
the LIAS intensities for F = 1 × 1018 D+/cm2 in start-up
phase are significantly larger than during diverted mag-270

netic configuration.

5. Conclusion and outlook

LIAS and LIBS diagnostic were applied simultaneously
on first wall materials tungsten and graphite to monitor
the dynamic deuterium content during EAST operation.275

The short-term deuterium retention on graphite surface
was found to be over 3.4 times higher than for tungsten for
ion fluxes of Γ = (2−3) A/cm2 and first wall temperatures
of TPFC ≈ 350 K. A saturation effect of the deuterium
retention on graphite as plasma-facing component on the280

first wall high field side was determined for ion fluences of
F ≥ 3×1018 D+/cm2. For the start-up phase of discharges
in diverted magnetic configuration, a linear dependence
of the deuterium retention to ion fluences in a range of
F ≈

(
1017 − 1018

)
D+/cm2 was found for graphite first285

wall PFCs.
In future studies the combined LIBS and LIAS setup will

be used at EAST to determine the fluence dependence of
deuterium retention also for tungsten as first wall PFC.
Moreover the helium interaction with tungsten first wall290

components and retention for helium discharges will be
investigated.
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