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3 Experiment

The general experimental procedure used in the work presented in this thesis is described
in this chapter. The order of presentation follows the sequence in which the experiments
were performed (figure 3.1). First, the preparation procedure of the tungsten targets is
described (section 3.1). Section 3.2 explains the damage creation using high energy tung-
sten ion implantation. Exposure of the targets to a deuterium plasma was carried out using
the linear plasma generator Pilot-PSI. The experimental Pilot-PSI set-up and the relevant
diagnostics are described briefly in section 3.3. The diagnostics used to analyse the tar-
gets after deuterium exposure are described in section 3.4. At last, the details about the
TMAP7 simulations and the input parameters that were used are given (section 3.5).

3.1 Preparation tungsten material
Tungsten is beneficial as divertor wall material because of its very good thermal prop-
erties, such as high melting temperature (3685 K) and high thermal conductivity (178
W m−1K−1). The crystal structure of tungsten is bcc, and the number density of tungsten
atoms is 6.3×1028 m−3. Polycrystalline tungsten discs were purchased from PLANSEE
[89] with a purity of 99.97% (0.01% is molybdenum). During the production process a
tungsten rod (Ø 20 mm) is formed by forging. Subsequently, disks with a thickness of
1 mm are cut from this rod. In this method, the typical grain size obtained was between
0.5 – 5 µm. A typical cross-section of this material is shown in figure 3.2a. An alterna-
tive material was made using a different manufacturing procedure. These targets were
cut from a rolled sheet of 0.9 mm thick. A cross-section of the rolled tungsten is shown
in figure 3.2b. This rolled material is well-characterized by Manhard et al [74] and was
used for the experiments described in chapter 7 in order to directly compare our findings
with the material research performed at IPP-Garching.

Figure 3.1: Schematic sequence of the performed experiments. After target preparation, the tar-
gets are pre-irradiated to create material defects. During deuterium plasma exposure,
deuterium is introduced into the material. Several analysis techniques were used to
characterize the retention level and material properties after the exposure.
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3 Experiment

Figure 3.2: Cross-sections of the PLANSEE material manufactured by a) cutting samples from a
forged rod b) cutting samples from a rolled sheet.

The tungsten samples (chapter 5.A – 7) were mechanically polished to a mirror fin-
ish by grounding with silicon carbide paper (grits: 200 – 2400) and diamond polishing
suspensions (supreme diamond suspension, 3 µm and 1 µm MetaDi) on Buehler TexMet
cloth for polishing. The samples were finished using Buehler MicroCloth and MasterMet
colloidal silica (∼0.05 µm). All samples were stress-relieved in vacuum (<10−4 Pa) at
1273 K for 1 h and sonic cleaned in acetone and ethanol for 10 min.

3.2 Damage creation - W4+ pre-irradiation
To avoid potential chemical composition changes, tungsten ions were chosen for irra-
diation. Damage in the tungsten samples was created by W4+ irradiation in the 3 MV
tandem accelerator at IPP Garching [90]. In the accelerator, negative ions are created
by sputtering a tungsten carbide cathode with cesium ions. The beam of negative ions
(WC−) is accelerated to a high voltage terminal, where the electrons are stripped by a
N2 gas stripper and a positively charged tungsten ion beam is produced. Subsequently,
the ions are accelerated in the high energy acceleration tube. By using magnets, the ions
with the desired charge are deflected to the target. An accelerator voltage of 2.5 MV was
used to create a beam of 12.3 MeV W4+. The background pressure in the implantation
chamber was below 10−5 Pa and the targets were kept at room temperature during ir-
radiation. In order to obtain homogeneous irradiation, the beam of 3 mm diameter was
raster-scanned across the surface. The beam position and ion flux were controlled by an
arrangement of four small-diameter Faraday cups located at four corners of the sample
mask. The implanted fluence ΦW is determined by

ΦW =
qtotal

eAQ

[
ions
m2

]
. (3.1)
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3.3 Deuterium exposure - Pilot-PSI

Here, qtotal is the total collected charge by the Faraday cups, e is the elementary charge
(1.6×10−19 C), A is the total area of all four Faraday cups and Q the charge of the ions
that were implanted. The diameter of the area damaged by the tungsten bombardment
was 12 mm for the non-polished tungsten samples and 18 mm for the polished samples
used in the experiments for this thesis. The damage rate was 1 – 4×10−4 dpa s−1.

3.2.1 SRIM simulation details
Details on the damage level are simulated using SRIM given the pre-irradiation data from
the accelerator in order to improve the understanding of the deuterium retention. SRIM,
Stopping Range in Matter, is a Monte-Carlo simulation tool that uses the binary collision

Figure 3.3: SRIM simulation of the damage
trajectories as result of 12.3 MeV
W4+ irradiation.

approximation [48] to calculate the interac-
tions of energetic ions with amorphous tar-
gets [42, 91]. The interaction between an
ion and an atom is characterized by a scree-
ned Coulomb collision. The settings chosen
in the SRIM simulations were as follows:

• type of calculation: ‘Detailed calcu-
lation with full damage cascades’

• ion data: 12.3 MeV tungsten, angle of
incidence = 0

• target data: tungsten with damage
energies:
- displacement energy: 90 eV [68]
- lattice binding energy: 3 eV
- surface binding energy: 8.9 eV [39]

In figure 3.3 the damage trajectories of an example calculation are graphically shown.
The simulation output on i.a. vacancy creation, ionization and phonon production was
used to derive the defect depth profile.

3.3 Deuterium exposure - Pilot-PSI
The targets were loaded with deuterium using Pilot-PSI at FOM-DIFFER [10]. This li-
near plasma generator is capable of producing plasma conditions, similar to the expected
fluxes in the divertor of ITER: high density (∼1024 m−3) and low temperature (∼1 eV)
hydrogen plasmas.

Figure 3.4 shows the experimental setup of Pilot-PSI with the location of the diag-
nostics to measure the surface temperature (infra-red imaging) and the local plasma
conditions (Thomson scattering). The deuterium plasma is produced with a cascaded
arc source [92], originally developed at the Eindhoven University of Technology [93, 94]
and optimized in-house. The cascaded arc source was operated in ‘trumpet configuration’
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3 Experiment

Figure 3.4: Schematic drawing of Pilot-PSI plasma generator as seen from above. The location of
the infra-red camera and Thomson scattering diagnostics are indicated.

as described by Shumack [28]. The operation regime of the deuterium gas flow into the
source was between 1 – 3 slm (standard litre per minute, which corresponds to 4.5·1020

particles per second). The plasma is formed in the discharge channel by an ionizing cur-
rent of 150 – 250 A. The plasma then expands out of the high pressure source into a
cylindrical vacuum vessel (Ø 0.4 m and ∼1 m long). During plasma operation the pres-
sure in the vacuum chamber typically was 1 – 3 Pa. The vacuum chamber is surrounded
by oil cooled coils that produce an axial magnetic field of 0.4 – 1.6 T axi-symmetric to the
source. The magnetic field radially confines the expanding of the plasma and generates
an intense magnetized cylindrical beam to the target. Due to the cooling requirement of
the coils, Pilot-PSI runs in pulsed mode.

The target is installed perpendicular in the plasma beam. It is clamped onto a copper
heat sink, that is cooled with water (1 – 6 L/min). To maximize the thermal contact, a
grafoil layer is added between the sample and the heat sink. The targets can be floating,
grounded or attached to an external, independent power supply. In this way the target can
be negatively biased with respect to the plasma potential. Negative biasing up to -40 V
was used (chapter 7) in order to increase the ion energy.

Composition plasma beam

Characteristics of the hydrogen beam are briefly summarized in this section and inter-
ested readers are encouraged to read the extensive research described in the theses of
A.E. Shumack [28] and R.C. Wieggers [29].
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3.3 Deuterium exposure - Pilot-PSI

Shumack observed hollow emission beam profiles with optical emission spectroscopy
(Balmer-β ) as result of the low molecular deuterium density in the centre of the plasma
beam [25]. This low density was found to be caused by a high H2 dissociation degree
and short penetration depth resulting from an effective charge exchange process. Similar
low molecule concentrations were also obtained in Pilot-PSI simulations as reported by
Wieggers [29]. In addition, Shumack measured an ionization degree of >85% in the
centre of the beam [26]. Wieggers investigated the neutral inventory of the Pilot-PSI
beam in front of the target with Eunomia simulations [27, 29]. The simulations confirm
low concentrations of neutral species (less than 10%). In this thesis, we can therefore
safely assume that deuterium plasmas are dominated by D+ ions and we neglect the
neutral species in front of the target.

3.3.1 Diagnostics
Plasma parameters (ne,Te) - Thomson scattering

Thomson scattering (TS) is defined as the elastic scattering of electromagnetic radiation
by free electrons. The electron density (ne) can be easily deduced from the total amount
of light scattered, while the electron temperature (Te) is related to the Doppler broadening
of the spectrum. The electron density and temperature are measured at about 20 mm from
the target (see figure 3.4). The scattered light of the laser beam (Nd:YAG, 532 nm, 10 Hz)
is focussed on 50 fibres at a scattering angle of 90◦ and led to the spectrometer. The signal
is integrated over 30 consecutive pulses. Absolute calibration of the electron density was
performed by Rayleigh scattering on a known argon background pressure in a separate
experiment. Finally, data was corrected for stray-light and each fibre spectrum was fitted
with a Gaussian to obtain spatial ne and Te profiles. Typical spatial distributions are shown
in figure 3.5a. The particle flux was calculated using ne and Te using equation 2.1, the
result is shown in figure 3.5b. Details on the DIFFER specific TS system, including a
discussion on the observational errors can be found in [95, 96].

Figure 3.5: a) Typical electron density (solid triangles) and temperature (open diamonds) profiles
b) The calculated ion flux as function of radial position (solid triangles) and the surface
temperature (open diamonds). The insert shows a typical image of the infra-red light
(to visualize the temperature a colour code is used).

25



3 Experiment

Surface temperature - infra-red imaging

A fast infra-red (IR) camera (FLIR SC7500-MB) was used to monitor the spatial (2 D)
and temporal surface temperature evolutions of the samples during plasma exposure. The
system is sensitive for radiation in the wavelength range from 3.5 – 5.0 µm. Although the
InSb detector has a spectral response in the wavelength range 1.5 – 5.1 µm, the lens used
only has a spectral band of 3.5 – 5 µm. The viewing window at Pilot-PSI is made of CaF
and has a transmission of 0.95 in the above spectral range.

The surface temperature is derived from the intensity of the emitted IR radiation.
The light collected by the infra-red camera consists of the following contributions (see
figure 3.6a):

1. Any infra-red light from the surroundings that is reflected by the target (Wrefl).
2. The radiation emitted by the object. Planck’s law of radiation predicts the emission

of a black body at a certain temperature (Wobj). However, in practice, bodies are
rarely fully black and their emissivity (ε) characterizes the radiation, εWobj.

3. Infra-red light from the mirror and the window (Wother). Additionally, their trans-
mission (τ) reduces the infra-red light arriving at the camera.

The total IR radiation Qmeas measured by the camera becomes then:

Qmeas(T ) = τ[εWobj +(1− ε)Wrefl]+Wother (3.2)

Actually, only the first term depends on the sample temperature. The second and third
term can be omitted when subtracting the signal by a reference background measurement
at a known temperature (T0), e.g. room temperature:

Qmeas(T )−Qmeas(T0) = τε(Wobj(T )−Wobj(T0) (3.3)

Note that we implicitly assume that ε , τ , Wrefl and Wother stay constant in both measure-
ments. The radiated power of the target (Wobj(T0)) is known from Planck’s law and the
target emissivity. Thus, the target temperature can be extracted using:

Wobj(T ) =
Qmeas(T )−Qmeas(T0)

τε
+Wobj(T0)) = fPlanck(Tobj) (3.4)

Figure 3.6: Contributions to the infra-red signal.
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3.3 Deuterium exposure - Pilot-PSI

The emissivity of tungsten ε was verified ex-situ with the help of a thermocouple meas-
urement. The obtained values were close to the temperature dependent emissivity curve
found by Sergienko [97]. An emissivity of 0.06 was used for the analysis of the meas-
urements in the low temperature regime (<550 K). The largest uncertainties in the tem-
perature calculation are systematic errors in the system settings, such as a dirty window
or mirror or heating of the vessel. A variation of 10% in the transmission coefficient,
affects the calculated temperature with ±20 K in the temperature range of 400 – 600 K.
The effect of heating of the vessel could be checked by comparison of the analysis with a
background measurement just before the plasma shot starts and a background measure-
ment just after plasma exposure. The calculated temperature varied with 5 – 10 K.

The radial distribution of the surface temperature and a typical infra-red image are
shown in figure 3.5b. The surface temperature is determined by the balance between the
heat flux on the target and the water-cooling. Therefore, the temperature profile follows
the ion flux profile closely. Using the surface temperature profiles from IR measurement
and the cooling-water temperature, the temperature distribution within the sample was
calculated by ANSYS [98]. The result of this calculation is shown in figure 3.7. Fig-
ure 3.7b shows the temperature variation as function of depth in the centre of the sample.
The maximum temperature gradient is 0.035 K/µm. Radially, the maximum temperature
gradient is 0.025 K/µm. The length-scales of the deuterium retention processes are much
smaller than the temperature variation. Therefore, we do not consider temperature gra-
dients in our the simulations. Figure 3.7c shows the temperature evolution at the centre
of the target. Note the effective cooling: After switching off the plasma, the temperature
of the targets was back to room temperature within typically 1 – 2 s.

Figure 3.7: Temperature distribution of the tungsten samples with a) spatial distribution, b) depth
distribution in the centre and c) time evolution of the maximum surface temperature.
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3.4 Target analysis

Various diagnostics for target analysis were used for the research described in this the-
sis. Local deuterium depth profiles were measured with nuclear reaction analysis (NRA).
The total deuterium retention and estimates of the trapping energies were obtained using
thermal desorption spectroscopy (TDS), the surface morphology was studied by scan-
ning electron microscope (SEM) and information about the region below the surface
modifications was obtained by combining SEM imaging with focussed ion beam (FIB)
cutting. Finally, positron annihilation Doppler broadening (PADB) was used for defect
characterization.

3.4.1 Nuclear reaction analysis

Nuclear reaction analysis (NRA) offers a non-destructive method to determine light ele-
ments in a heavy material. The local deuterium depth profiles were measured using the
nuclear reaction D(3He,p)4He [99]. By injecting 3He, a nuclear reaction is initiated with
the deuterium present in the material. The intensity of the resulting emitted radiation is
directly related to the deuterium concentration. Depth information can be acquired by tu-
ning the incoming beam energy (the differential cross-section is maximal at 620 keV). In
our measurements, the beam energy was scanned from 690 keV to 4.0 MeV, so that deu-
terium up to a depth of 6 µm could be detected. The D(3He,p)4He reaction has inverse
kinematics, i.e. the lower the energy of the incident 3He particle, the higher the energy of
the emerging protons. The proton detector is installed at a back-scattering angle of 135◦.

The depth profiles of retained deuterium were derived from the measured proton
energy distributions using the NRA-DC program [100]. The analyzed area is about 1 mm2

in size, this is determined by the 3He beam spot. A scan along the radius of the sample
was performed to investigate the radial dependence of the deuterium depth profiles. The
total amount of deuterium in the top layer, 6 µm, is obtained by volume integration over
the depth profile.

3.4.2 Thermal desorption spectroscopy

Thermal desorption spectroscopy (TDS), also known as temperature programmed de-
sorption, measures the desorption of molecules from a material during a heating cycle.
The basics of this method are described by Redhead [101] and are extensively covered in
the thesis of van Gorkum [102].

In short, a sample that is placed in a vacuum vessel is heated with a linear temperature
ramp. When the internal thermal energy increases, the deuterium atoms can overcome
their trap energies and diffuse to the surface, where they recombine and finally desorb as
molecule into the vacuum vessel. The release rate of the molecules is measured by a mass
spectrometer to yield a thermal desorption spectrum. An example of such a spectrum can
be found in figure 3.9.
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3.4 Target analysis

TDS setup

A schematic representation of the TDS setup is shown in figure 3.8. The sample is placed
into a vacuum vessel, which is kept at high-vacuum conditions (<5×10−7mbar). A Bal-
zers QMA125 quadrupole mass spectrometer monitors the mass 4 (D2) and mass 3 (HD)
partial pressure in the vacuum chamber. The absolute sensitivity of the desorption rate is
determined by connecting a D2 and H2 calibrated deuterium leak to the vessel. For the
sensitivity of the HD signal, the average of the sensitivities of the mass 2 and mass 4
signal was taken. The sample is clamped to a ceramic heater and heated under a linear
ramp of 1 K/s to 1273 K. The temperature of the sample was continuously monitored
using a thermocouple. The linear heating rate was controlled by a proportional-integral-
derivative (PID) control loop.

Once the system has reached equilibrium at pressure peq, the rate of particles leaking
into the vessel (L) equals the pump speed (S) by,

L = N0Speq
[
s−1] (3.5)

where N0 is 2.4×1020 m−3 at 1 Pa and 300 K. During the desorption cycle the particles
entering the system, i.e. the desorbed particles plus the leak rate (L), equals the particles

Figure 3.8: Schematic drawing of the thermal desorption system.
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that are pumped away plus the rate of pressure change:

dN(t)
dt

+L = N0V
(

p
τ
+

d p
dt

)
(3.6)

N(t) is the number of particles that are not yet desorbed, V the desorption volume, p
the partial pressure and τ is the typical time scale of the pump. τ can be calculated by
dividing the desorption volume (V ) by the pumping speed (S). For our TDS system this
characteristic pump time is ∼0.065 s.

During static operation there is no external pumping (τ → ∞), so that the derivative
of the pressure is proportional to the desorption rate. During dynamic operation delib-
erate pumping is present. In our situation, where d p

dt �
p
τ

, the desorption rate can be
approximated by

dN(t)
dt

= N0V
p
τ
−L. (3.7)

Therefore, the measured pressure is directly proportional to the desorption rate. A typi-
cal desorption spectrum is shown in figure 3.9. Although the measurement is relatively
straight forward, interpretation is non-ambiguous and complex for several reasons. The
probability of de-trapping increases with increasing temperature, but at the same time the
amount of particles available for desorption decreases. In this way a desorption peak is
formed at a specific temperature, which is characteristic for a certain trap energy. How-
ever, this peak position is also dependent on the local deuterium distribution, i.e. deu-
terium concentration and fill fraction as function of depth. Also the heating ramp rate
affects position of the desorption peak, since it determines the time lag between release
from the trap and measurement by the mass spectrometer. A diffusion-trapping model
(section 3.5) was used for interpretation of the desorption spectrum. Time-integration
of the thermal desorption spectrum yields the total amount of deuterium retained in the
sample.

Before every TDS measurement, calibration with the calibrated deuterium leak was
performed. The standard deviation of this calibration is 5%. Variations of the Pilot-PSI
deuterium plasma at the same settings, can cause deviations in the deuterium retention of
samples exposed to similar plasma conditions. To test the reproducibility, three undam-
aged samples were exposed to similar deuterium plasmas conditions within the same
measurement series (figure 3.9). While, for undamaged samples the results from ses-
sion to session can differ significantly, the sample-to-sample variation within a session is
small (∼10%). Additionally, two pre-irradiated samples were exposed to similar plasma
conditions in two different measurement sessions (figure 3.9). Because the deuterium
retention is determined mainly by pre-irradiation damage and the contribution from the
plasma damage small, these results are comparable. The above experiments confirm the
robustness of the setup.

All samples were desorbed at least a week after exposure. We found that the desorp-
tion profile in the first week can change significantly as result of the mobile deuterium
and deuterium trapped at very low energies leaving the sample. After this period, the
deuterium retention does not change significantly.
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3.4 Target analysis

Figure 3.9: a) TDS measurement of 3 undamaged and 2 damaged samples b) uncertainty in TDS
measurement and contribution of HD and D2 to the total amount of deuterium.

3.4.3 Surface imaging
scanning electron microscopy and focused ion beam

The topography of the surface was investigated with a scanning electron microscopy
(SEM) in combination with a focussed ion beam (FIB). The surface images were ac-
quired with a Helios NanoLab600 (FEI). This system consists of an electron gun for
SEM, a gallium-ion beam for FIB cutting, gas injection for surface coating and multiple
detectors.

SEM images were typically taken with a 5 keV electron beam. A Ga-ion beam with an
impact energy of 30 keV was used to create cross-sections, the current of the ion beam
was varied between 2 – 20 nA. Prior to the cross-sectional cutting, the area of interest
(typically µm-sized) was coated with a Pt-C film to reduce artefacts during the cutting
process. The surface normal was aligned with the Ga-ion beam and the angle between the
Ga-ion and electron beam was 52◦. The sample was cut slice-by-slice and SEM images
were taken after each cut.

3.4.4 Positron annihilation Doppler broadening

Positron annihilation Doppler broadening (PADB) was used to monitor the formation and
clustering of defects [103, 104]. The annihilation reaction of an electron with a positron
produces two gammas, each with an average energy of 511 keV. As a consequence of mo-
mentum conservation, the momentum of the electron-positron pair results in a Doppler
broadening of the 511 keV annihilation energy.

The PADB experiments were performed with the Variable Energy Positron beam at
the TU Delft. Positrons emitted from a 22Na source were, after moderation to thermal
energies and subsequent acceleration, directed to the samples with a kinetic energy in
the range of 0.1 to 25 keV. The beam intensity was about 104 positrons s−1 and the beam
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diameter at the target about 8 mm. The mean implantation depth of the positrons, 〈z〉,
scales with the implantation energy, according to 〈z〉 A/ρ ×E1.62 [105]. In tungsten, a
positron energy of 25 keV corresponds to an implantation depth of about 400 nm.

Figure 3.10: Measurement of the γ spectrum.

A typical measurement of a gamma
spectrum is shown in figure 3.10. The
shape can be defined by two parameters,
namely S and W . The S (sharpness) pa-
rameter is defined as the ratio of counts
registered in a fixed central electron mo-
mentum window (|p‖| < 3.5× 10−3m0c)
to the total number of counts in the photon
peak. This choice of momentum window
makes the S parameter sensitive to annihi-
lations with low momentum valence elec-
trons and the S parameter will therefore
be relatively high for a defect rich mate-
rial: for a positron trapped in an open vo-
lume defect (such as a dislocation, mono-
vacancy or vacancy cluster) the probability for annihilation with a valence electron is
enhanced at the expense of annihilation with a core electron. Similarly, the W (wing) pa-
rameter is obtained from the high momentum regions, Wleft and Wright, for which 1×10−2

< |p‖| < 26× 10−3 m0c. This area accounts for annihilations with high momentum core
electrons. Therefore, the W parameter will be relatively high in a defect-free material.
Note that as function of the defect concentration the behaviour of S and W parameter is
opposite.

Plotting the S parameter versus the W parameter gives insight about the vacancy beha-
viour. Without any lattice defects, each material has a characteristic S and W value (Sbulk
and Wbulk). The same holds for each defect type: Sd and Wd . The measured S parameter
is a summation of all of these:

S = fbulkSbulk +∑
n

fd,nSd,n, (3.8)

with fbulk the fraction of positrons annihilated at the free, i.e. non-trapped state, and fd,n
the fraction annihilated in the nth defect type. In a sample with only one type of defect
present, the (S,W) point lie on along a straight line from the defect-dominated to the
defect-free (S,W) point, given by

S = (W −Wbulk)
Sd1−Sbulk

Wd1−Wbulk
+Sbulk. (3.9)

If there is more than one defect types present or chemical composition of the material
changes, the SW-plot will be non-linear [106].
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3.5 TMAP7

3.5 TMAP7
Tritium Migration Analysis Program 7 (TMAP7), developed by G.R. Longhurst at the
Idaho National Lab [107], was used for the simulation of the deuterium implantation and
to interpret the thermal desorption spectra (section 3.4.2). TMAP7 is a one-dimensional
solver that evaluates the diffusion equation for hydrogen in materials [107]. The program
calculates the diffusion of hydrogen through the material and trapping and de-trapping
rates of hydrogen in defects. Also, dissociation of and recombination to molecules at the
surface are calculated. TMAP7 has the possibility of including deuterium sources and
three types of defects, i.e. trap energies.

The TMAP7 code uses a model in which the material is divided in so-called nodes
with different thicknesses. Each node contains a concentration of mobile deuterium (sec-
tion 2.3.1). In addition, a pre-defined concentration of saturable traps can be assigned to
each node. These saturable traps are defined by their concentration and trap energy. For
each node, the occupation of the traps is calculated. The deuterium flow from one layer
to another is determined by the difference in mobile concentration between two nodes.
For the surface boundary, a special node without thickness is defined. To these special
nodes, not a mobile and trapped deuterium inventory are assigned, but the specific surface
concentrations.

Modelling input

TMAP7 was used for the simulation of both the deuterium diffusion during plasma ex-
posure as well as the deuterium desorption as result of the heat rate during TDS. The
first was realized by defining a deuterium source in the first tungsten layer. The latter by
defining the temperature of the target and increasing it linearly with a heat rate of 1 K/s.

Material input - For the simulations presented in this thesis a tungsten material was sim-
ulated by defining the number density of 6.3×1028 m−3. The tungsten material of 1 mm
thickness was separated into 64 depth layers, with a thickness varying from 2.5 nm at
the surface to 1 µm at the backside. The trapped concentration and depth distributions of
deuterium traps need to be specified according to the experimental settings. For example,
for a pre-irradiated target the trap concentrations (in atomic fraction, at.fr.) were defined
as follows:

Etrap trap concentration depth

0.85 eV 1.0×10−4 at.fr. homogeneous
1.4 eV 5.0×10−3 at.fr. <1.5 µm
1.85 eV 7.0×10−3 at.fr. <1.5 µm

Deuterium input - The mobile concentration at the start of both implantation and de-
sorption simulations was chosen to be zero. As mentioned earlier, all TDS measurements
were carried out more than a week after plasma exposure, so that the solute deuterium
present in the tungsten was negligible.
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Equation input - The diffusion behaviour is defined by the equations of diffusion (sec-
tion 2.3.2), the trapping rate coefficient (equation 2.10), the trap release rate coefficient
(equation 2.11) and recombination at the surface (equation 2.2).

The exact details from the simulation are specified in the chapters where relevant.
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