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Abstract 

For the construction of magnetic fusion reactors, reduced activation ferritic steels (RAFSs) 

such as F82H are currently considered to be the candidate materials for the first wall. In this 

PhD thesis research, one of the technical issues related to hydrogen isotopes transport 

through the first wall has been studied. For the blankets employing self-cooled breeder, the 

first wall is exposed to the edge plasma, containing energetic D
+
 and T

+
 on the one side and 

on the other side it is exposed to T2 gas bred in blankets. Under these conditions, it is highly 

possible that these hydrogen isotopes would penetrate the first wall by a phenomenon called 

“bi-directional permeation”: (1) deuterium as well as tritium would transport into the blanket 

by plasma-driven permeation (PDP), which will hinder the recovery of tritium and will 

probably necessitate isotope separation; and (2) tritium would flow in the counter direction to 

the edge plasma by gas-driven permeation (GDP), which will affect edge plasma density. 

Despite its critical importance, there have been neither experimental nor theoretical studies 

on bi-directional permeation of hydrogen isotopes through reduced activation alloys. This 

PhD thesis research aims to understand the physical mechanisms driving hydrogen isotopes 

permeation processes and to establish fundamental knowledge databases for designing fusion 

power reactors. 

Hydrogen permeation through a reduced activation ferritic steel alloy: F82H has been 

investigated in a steady state laboratory-scale plasma device: VEHICLE-1 under some of the 

reactor-relevant conditions. In PDP experiments, the hydrogen permeation flux is measured 

by a quadrupole mass spectrometer (QMS) at the downstream side. The plasma density is of 

the order of 10
9
-10

10
 cm

-3
 and the electron temperature is ~3 eV. The particle bombarding 

energy is controlled by a negative bias voltage applied on the membrane flange. The net 

hydrogen implantation flux is estimated by taking into account the hydrogen species mix and 

reflection coefficient data. In GDP experiments, the upstream hydrogen gas pressure is 

1.3×10
4
-10

5
 Pa measured by an absolute pressure gauge and the hydrogen permeation flux is 

measured by another QMS in VEHICLE-1 chamber. For all the permeation experiments, the 
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membrane samples made of F82H and SUS304 are prepared in the same dimensions as those 

commercially available conflat flanges with an outer diameter of 70 mm, except that a 

circular area of 35 mm in diameter inside the knife-edge is machined down to thicknesses of 

0.5 to 5 mm. A resistive heater is set beneath the membrane and the sample temperature 

varies from 220
 o
C to 520 

o
C.  

The hydrogen transport parameter data taken for SUS304 have been found to be in good 

agreement with the literature data, which means that the experimental setup on VEHICLE-1 

is valid for the evaluation of other first wall candidate materials. Both GDP and PDP data 

through F82H show thickness dependence, suggesting that hydrogen permeation is diffusion-

limited under some of the reactor-relevant conditions. The hydrogen transport parameters 

such as permeability, solubility, diffusion coefficient and surface recombination coefficient 

have been successfully measured for F82H. In particular, the surface recombination 

coefficient, which is essential to correctly predict the hydrogen isotopes permeation flux 

through the first wall, has been experimentally measured for the first time. Using the 

measured parameters and the steady state permeation model, hydrogen isotopes permeation 

flux and the dynamic wall inventory under some of the reactor-relevant conditions have been 

evaluated. 

The surface effects on hydrogen PDP have been investigated from two aspects: surface 

contamination and morphology. A new model has been proposed to interpret the surface 

condition effects. Thick surface impurity film has been found to act as a second layer for 

diffusion and reduce the permeation flux in both laboratory and tokamak experiments. A 

decrease in steady state permeation flux has been measured when increasing plasma-facing 

surface area, which is in agreement with the theoretical prediction, i.e., the steady state 

permeation flux is inversely proportional to the square root of surface area. Experiments 

indicate that the permeation flux can be further reduced by simultaneous surface oxidization 

and area modification. 

As a proof-of-principle experiment, first wall particle flux measurements in the QUEST 

spherical tokamak have been conducted, using a permeation probe that employs F82H as the 
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membrane and also SUS304 as a comparative reference membrane. Permeation 

measurements have been done during the conditioning steady state discharges heated with 

2.45 GHz and 8.2 GHz ECR. Diffusion and surface recombination coefficients measured in 

VEHICLE-1 are used to interpret the results from the permeation probe measurements in 

QUEST. A much shorter PDP breakthrough time and higher steady state permeation flux 

have been found for F82H than SUS304, which is consistent with the results from 

VEHICLE-1 experiments. The effect of plasma heating power indicates that the steady state 

permeation flux is roughly proportional to the square root of the implantation flux. The F82H 

permeation probe shows good sensitivity to the variation of plasma parameters. 

Bi-directional hydrogen (H) permeation has actually been demonstrated for the first time 

in a laboratory-scale steady state plasma facility. Gas-driven permeation hydrogen flows 

from the gas-facing surface into helium, argon and hydrogen plasmas have been measured. 

For the bi-directional hydrogen permeation experiments, the membrane temperature is set 

between 550 and 600 
o
C, the hydrogen gas pressure for GDP is increased to 9.3×10

4
 Pa. At 

the plasma side, the electron temperature is raised up to ~10 eV for the improved sensitivity 

of Hα spectroscopy. Experiments indicate that gas-driven permeation can take place in the 

opposite direction of plasma-driven permeation, which then results in an unwanted increase 

in edge plasma density. A one-dimensional diffusion code: DIFFUSE has been utilized to 

simulate the experiment. The modelling result has been found to be in relatively good 

agreement with the experimental data. Hydrogen PDP flow from the plasma side to the gas 

side has been detected as well. The driving pressure for GDP has been found to decrease 

slower when a bias is applied to the sample, suggesting a PDP flow into the gas side.  

DIFFUSE-code has extensively been executed, employing multiple hydrogen isotopes 

(D/T) for bi-directional permeation. The input data for DIFFUSE are such that the thickness 

of a membrane made of α-Fe (used as a surrogate of F82H) is 5 mm, the D/T inflows from 

the upstream (plasma-facing) side are driven by PDP with D/T implantation fluxes of 5 × 

10
15

 D/cm
2
/s and 5 × 10

15
 T/cm

2
/s at a bombarding energy of 100 eV. The T inflow from the 

downstream (gas-facing) side is driven by GDP. Results indicate that the same isotopic 
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species interact with each other in the two counter flows. Deuterium flow appears to be 

independent of these tritium flows, driven by its own concentration gradient.  

Re-analysis of the tritium flows in a FLiBe loop has been performed, taking into account 

tritium leakage from the first wall. The tritium pressure has been found to be ~1.1×10
3
 Pa, 

which is ~10% of the tritium equilibrium pressure in FLiBe at a temperature of 527 
o
C. 

Under these conditions, ~68% of the bred tritium will be released at the plasma side by GDP. 

Assuming a particle reflection coefficient of 0.5 and a total incident flux of 2.0×10
16

 

D&T/cm
2
/s, the first wall recycling rate has been estimated to be 1.006. 
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1.1. Nuclear fusion research 

Nuclear fusion is a reaction in which atomic nuclei with lower mass collide to form a new 

type of atomic nucleus, accompanied by a release or absorption of energy. The primary 

energy source for stars is hydrogen fusion, which is also considered to be one of the most 

promising candidate sources to provide safe, environmentally friendly and economical 

energy for human beings [1-3]. Of all the possible fusion reactions the deuterium-tritium (D-

T) reaction is the most attractive one because tritium and deuterium can react at relatively 

low energy, generating α-particle (He), neutron (n) and a large amount of energy [1]: 

 

2 3 4 1

1 1 2 0D + T He (3.5 MeV) + n (14.1 MeV) ,                               (1.1) 

 

where the energies shown are kinetic energies of the reaction products. In a fusion plasma, 

the energy carried by the α-particle can be transferred to the plasma by collision so that the 

confined plasma can be persistently heated. Lawson [4] showed that a fusion plasma would 

burn to self-sustaining (ignition) if the product of energy confinement time 𝜏𝐸 [s] and plasma 

density n [m
-3

] exceeded a given threshold for a fixed plasma temperature T [keV]. Because 

𝜏𝐸 itself is a function of temperature, the ignition condition is more usually expressed as: 

 

21 3

E  ~ 5 10  m keV sn T        ,                                             (1.2) 

 

i.e., to achieve ignition, the high-temperature, high-density plasma must be confined in a 

relatively long time. In a star, the plasma is confined by the force of gravity due to the huge 

amount of matter. On the earth, two leading ideas are proposed to obtain usable energy from 

fusion reactions: magnetic confinement fusion (MCF) and inertial confinement fusion (ICF). 

In MCF systems, the plasma is held by magnetic field in desired configurations. The core 

plasma density is kept at ~10
20

 m
-3

 for several seconds of confinement time to fill Eq. (1.2). 

From 1950’s, various ideas of MCF have been proposed, among which tokamak and 
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stellarator are considered to be the most promising concepts to yield commercial fusion 

reactors. Many large and medium size MCF devices have been built, e.g., JET [5], JT-60[6], 

LHD [7], DIII-D [8], ASDEX-U [9], EAST [10], KSTAR [11] and QUEST [12]. Shown in 

Fig.1.1 is the International Thermonuclear Experimental Reactor (ITER) [13], which is under 

construction in Cadarache, France. ITER is planned to be the first experimental reactor to 

demonstrate extended burning of D-T plasmas at a few hundred MWs of fusion power and 

technology essential to a reactor in an integrated system, and to test nuclear components 

required to utilize fusion energy for practical purposes [14].  

     

The MCF device beyond ITER will aim to demonstrate electricity production (DEMO 

reactor). SlimCS [15], PPCS-A to PPCS-D [16] and ARIES-AT [17] are several examples 

for tokamak type DEMO concepts. Stellarator type reactor concepts have also been proposed, 

for example the Force-Free Helical Reactor (FFHR) series concepts being developed by 

National Institute for Fusion Science in Japan [18]. Recently, some researchers suggested 

that a test reactor between ITER and DEMO may be necessary in the roadmap to the 

 

Figure 1.1 Design of ITER tokamak [13] 
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realization of fusion energy. These concepts include the China Fusion Engineering Test 

Reactor (CFETR) [19] and the Fusion Nuclear Science Facility (FNSF) [20], which aim to 

provide an integrated, continuously fusion nuclear environment that can be used to 

investigate plasma material interactions, tritium fuel management, and power extraction, etc 

[20]. 

In contrast to MCF, ICF goes a different way to fill the Lawson Criterion. Fuel targets 

containing a mixture of deuterium and tritium are heated and compressed by high-energy 

laser lights or laser-produced X-rays to generate high temperature, high density plasmas. For 

the ICF plasmas, the density is usually larger than ~10
31

 m
-3

 while the confinement time is 

shorter than 10
-10

 s [21]. By present, the largest and most energetic ICF device built is the 

National Ignition Facility (NIF) located at the Lawrence Livermore National Laboratory in 

Livermore, USA [22]. Recently a fuel capsule gave off more energy than was applied to it in 

NIF, which is an important milestone towards commercialization of ICF [23]. 

On the whole, considerable progresses have been achieved for both MCF and ICF in the 

last 50 years, but a lot of physics and technical issues are still needed to be addressed to 

realize fusion energy as a power source. This thesis mainly makes a contribution to MCF 

research in the areas of plasma-wall interaction physics and reactor blanket engineering. 

 

1.2. Reactor blanket and the first wall 

No matter which concept is used to develop a fusion power plant, tritium, one of the fuels 

for D-T reaction, must be artificially produced in reactors because it is a quite limited 

resource due to its short half-life [24]. Tritium can be produced by the reactions between 

neutron and lithium (Li) isotopes as follows [25]: 

 

1 6 3 4

0 3 1 2n + Li T + He + 4.8 MeV                                             (1.3) 

1 7 3 4 1 '

0 3 1 2 0n + Li T + He + n  - 2.5 MeV                                     (1.4) 
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Present developments in the context of fusion propose generating tritium are based on the 

reaction (1.3) because the reaction with the more abundant 
7
Li is endothermic and has a smaller 

cross-section for neutrons with an energy lower than 5 MeV [25]. 

Lithium metal/alloys or lithium compounds are stored in the blanket structures so that 

lithium can capture fusion neutrons to generate tritium. This process is called tritium 

breeding, because the fusion neutrons come from the previous D-T reactions which consume 

tritium. Shown in Fig.1.2 is the 3D view of the FFHR2 reactor concept [18]. It can be seen 

that all the internal surface areas is covered by blanket structures for the highest achievable 

tritium breeding ratio (TBR). From the viewpoint of commercial operation, a fusion reactor 

must be tritium self-sustainable, which requires a TBR larger than 1 [24].  

 

      

Figure 1.3 shows a module of the FFHR2 outboard blanket and (b) a schematic diagram 

of the blanket structure [26]. The definition of the “first wall” will be different for magnetic 

fusion devices up to ITER and for those to be built thereafter for power generation. It is 

widely recognized that ITER will generate fusion power which, however, is not intended to 

be converted into electrical power. This is because no complete blanket concept will be 

 

Figure 1.2 The FFHR2 reactor concept [18] 
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implemented except for test blanket modules to cover only a fraction of the surface area 

exposed to burning plasmas. In this case, the definition of the first wall is nothing but a 

vacuum chamber wall to separate DT-plasma from the environment. As opposed to that, for 

fusion power reactors, essentially all the internal surface areas must be covered by blanket 

structures for the highest achievable tritium breeding ratio. The first wall is thus redefined as 

the plasma-facing walls of blankets.  

             

 

 

Figure 1.3 (a) A module of the FFHR2 outboard blanket and (b) a 

schematic diagram of the blanket structure [26]. 
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Reduced activation ferritic steels (RAFSs) such as F82H are the candidate materials for 

the first wall of reactors, due to the following advantages: (1) reduced activation: after 

operation to 45 MWa/m
2
 in FFHR and 100 years cooling, the surface dose rate of the RAFSs 

is less than 10 µSv/h, which satisfies the shallow land disposal limits [27]; (2) swelling 

resistance: 1 vol.%/100dpa as compared with 1 vol.%/10dpa in stainless steels [28] and (3) 

relatively high thermal conductivity, which allows a relatively thick first wall design [29].  

From the viewpoint of efficient heat exchange, the blanket operational temperature 

should be close to the maximum temperature at which the structural material can maintain its 

strength. For RAFSs, the operational temperature would be around 500 °C. Shown in Fig. 1.4 

is the relation between stresses and the wall thickness [30]. The sum of thermal stress and 

stress arising from internal pressure has a minimum value at ~5 mm, which is considered to 

be the optimum thickness in this design configuration. Table 1.1 shows some of the 

parameters for the breeding blanket concepts [31]. It can be found that in most of the recent 

reactor studies, including FFHR, the first wall is designed to be 5 mm or even less, although 

these concepts employ various first wall materials such as vanadium alloy (V-alloy) and 

silicon-carbide-fiber-reinforced silicon carbide composites (SiCf/SiC). 

 

 
 

Figure 1.4 Stresses in the first wall as a function of thickness [30]. 
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Table 1.1 Some of the breeding blanket concepts (re-edited from [31]) 

 

He cooled 

pebble bed 

Water 

cooled 

pebble bed 

Water 

cooled         

Pb-17Li 

Self-

cooled 

FLiBe 

Self-

cooled   

Li 

He cooled 

Li 

He cooled 

pebble 

bed  

Device 
Tokamak 

DEMO 

Tokamak 

DEMO 

Tokamak 

DEMO 

Helical 

FFHR-2 
Tokamak 

Tokamak 

LAR design 
Tokamak 

Tritium 

breeder 

Li 

Ceramics 
Li2TiO3 Pb-17Li FLiBe Li Li Li4SiO4 

Structural 

material 

ODS steel, 

RAFS 

F82H,           

ODS RAFS 

EUROFER 

RAFS 

RAFS  

V-Alloy 
V-Alloy 

V-Alloy       

(W coating) 
SiCf/SiC 

Fusion 

power (GW) 
3.6 2.3 3.6 1 

 
5.3 4.5 

Neutron load 

(MW/m
2
) 

4.4 (max) 5.0 (max) 6.6 (max) 1.7 (ave) 10 (max) 11 (max) 3.5 (max) 

Surface heat 

load 

(MW/m
2
) 

0.8 (max) 1.0 (max) 1.2 (max) 0.1 (ave) 2 (max) 2.73 (max) 0.6 (max) 

FW 

thickness 

(mm) 

5 3 4 5 4 
1.5+1(W), 

tubing 
3 

FW 

temperature 

(°C) 

630 ~600 590 750 754 697 913 

Coolant He H2O H2O FLiBe Liq. Li He He 

Pressure 8 Mpa 25 MPa 15.5 MPa 0.6 Mpa 0.5 MPa 15 MPa 8 MPa 

Ref. [32] [33] [32] [30] [34] [35] [36] 

 

1.3. Hydrogen isotopes permeation issues 

As shown in Fig. 1.3 (b), the first wall will be exposed to edge plasma at elevated 

temperatures on the one hand, and also it will be in contact with a liquid breeder or coolant, 

either one of which contains bred tritium on the other hand. One then predicts that the first 
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wall will be subjected to hydrogen isotopes penetration in the two opposite directions.  From 

the edge plasma side, deuterium and tritium flow into the blanket by the mechanism referred 

to as PDP (for plasma-driven permeation), and from the blanket bred tritium flows into the 

plasma side by GDP (for gas-driven permeation), as shown in Fig.1.5. 

 It is important to note that (1) PDP necessitates an isotope separation capability in the 

tritium recovery loop of a reactor, which then complicates the entire fuel recycle system; and 

(2) GDP, acting as fueling, may cause an edge plasma density rise. 

 

 

The behavior of hydrogenic particles implantation-driven permeation through a 

membrane has been investigated by researchers for decades. Some permeation experiments 

were performed using ion gun facilities, in which case the ion energies were several to tens 

of keV and the ion fluxes were usually lower than 10
15

 cm
-2

s
-1

. Here such kind of permeation 

behavior is referred to as ion-driven permeation (IDP), to differentiate from plasma-driven 

permeation, which has relatively lower implantation energies. In those IDP experiments the 

membrane materials included pure iron, stainless steel, nickel, vanadium, tungsten and 

iron+coatings. Membrane thicknesses varied from 10 µm to 500 µm and target temperatures 

were kept between room temperature and 900 ℃, as summarized in Table 1.2. 

 

Figure 1.5 PDP and GDP of hydrogen isotopes through the first wall  
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Table 1.2 A summary of some of the IDP experiments. 

Material 

Sample 

Temperature 

(K) 

Incident Flux 

(cm
-2

s
-1

) 

Eion                      

(eV) 

Membrane 

Thickness 

(mm) 

Permeation Flux 

(cm
-2

s
-1

) 
Ref. 

SUS316L  670 5.70×10
14

 100-2000 0.05 8.55×10
9
~1.71×10

10
 [37] 

Ni 300-1073 4.00×10
14

 30k 

0.01 <3×10
12

 

[38] 
0.02 <2×10

12
 

0.05 <1×10
12

 

0.1 <4×10
11

 

Ni 373-1273 0.2-1.1×10
15

 1-2.5k 
0.122 and 

0.124 
10

10
~ <10

13
 [39] 

Pure Fe 

295-610 0.3-6×10
13

 750~3000 

0.1 0-2×10
12

 

[40] 

Pd coating 

+Fe 
10nm+0.1 No 

Fe+ 

Pd coating 
0.1+10nm 0-9×10

12
 

Au 

coating 

+Fe 

10nm+0.1 0~2×10
12

 

Fe ~400 
10

14
 (100eV) 

10
15

 (2000eV) 
100-2000 0.1 <4×10

13
 [41] 

W 598-660 4×10
14

-1×10
15

 100-2000 0.025 <8×10
10

 [42] 

 

Literature data show that the temperature dependence of permeation fluxes differed from 

material to material. For SS316L [37,43] and nickel [44,45], the permeation flux ratios would 

become larger as the temperature increased. However, conflict trends were reported for pure 

iron [39,40] and tungsten [42,46] in different papers, which may be resulted from different 

experimental conditions, e.g., ion implantation energies. The effects of incident energy were 

also investigated. For some materials, e.g., SS316L [38], nickel [39] and tungsten [39,40], 

permeation flux increased as the incident energy increased. However, it should be noted that 

the ion energy effect may be not the same if the permeation regime changes, which is 
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possible due to the variation of incident energy and sample temperature [47]. One example is 

that the ion energy dependence became not noticeable at very high energy range, e.g., several 

keV, or at high temperatures [37,39]. For most of these experiments, the permeation flux 

ratios were proportional to the incident fluxes [37,39-43].  

These IDP experiments provide a large amount of data on hydrogen isotopes permeation 

through materials, which can be good references for researchers. Based on these data, several 

models are proposed to explain the permeation behavior, including implantation, diffusion 

and surface recombination, which will be introduced in detail in Chapter 2. However, it 

should be pointed out that the ion fluxes were too low and the incident energies were too 

high in these IDP experiments, making them not comparable with the PWI conditions for the 

first wall in a fusion reactor.  

Generally, the edge plasma density in the scrape-off layer (to be referred to as SOL) of a 

magnetic fusion device is of the order of 10
13

 cm
-3

 and the cross-field diffusion coefficient is 

typically of the order of 10
3
 cm

2
s

-1
. Assuming that the thickness of SOL is a few cm, the 

cross-field particle flux to the first wall may be estimated to be of the order of 10
16

 H cm
-2

s
-1

. 

A similar order estimate can be obtained from the cross-field transport scaling law observed 

in Alcator C-Mod [48]. From 1980s, researchers started to investigate plasma-driven 

permeation issues using low energy, high flux plasmas, which is more relevant to the reactor 

plasma-wall interaction (PWI) conditions. Those data as summarized in Table 1.3. 

Membrane bias effects were investigated in some of these works. The permeation fluxes 

were found to decrease if the bias voltages were higher than 50 V or more [50,53,55,56], 

which suggests that the PDP flux ratio is not directly related to the ion implantation range, 

and the surface condition may play an important role. After long-time plasma bombardment, 

a variation of the steady stage permeation flux was measured under the same bias voltage 

[50,56]. This change was attributed to the modification of upstream surface composition, 

which decides the recombination coefficient. For nickel [54] and Kovar [56], the permeation 

flux ratios increased as the temperatures increased. But a transition point at 480K was found 

for SUS304, which was interpreted as a shift from diffusion limited-regime to 
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recombination-limited regime [51]. It must be noted that although RAFSs are the candidate 

first wall materials for fusion power reactors, PDP data on RAFSs are quite limited in the 

existing database.  

 

Table 1.3 A summary of some of the PDP experiments. 

Material 

Sample 

Temperature 

(K) 

Incident Flux 

(cm
-2

s
-1

) 

Eion                      

(eV) 

Membrane 

Thickness 

(mm) 

Permeation 

Flux 

(cm
-2

s
-1

) 

Ref. 

SUS304 683 8.8×10
16

 20  1.5×10
15

 [49] 

SUS304 673 6.8×10
16

 

20-40 

0.25 

3.2×10
14

 

[50] 

150 ~2×10
13

 

SUS304 ~400-673 Ne<~5×10
10 

cm
-3

 <10 0.01 
6.3×10

14
 

(at 480K) 
[51] 

Ni 523 Ne<~5×10
10 

cm
-3

 <10 

0.02 ~9×10
14

 

[52] 0.05 ~6×10
14

 

0.2 ~2×10
13

 

Ni & Va 1073 Ne=~5×10
10 

cm
-3

 few-250 0.1 <2×10
17

 [53] 

Ni 473-773 3×10
16

 100 0.3 <5×10
13

 [54] 

Nb 983 

3×10
15 

and 

(5-10) ×10
16

 hot 

atoms 

few-200 0.3 <3.5×10
15

 [55] 

Kovar 

773 ~5.7×10
16

 20 

0.25 6.10×10
13

 

[56] 

TiB2+Kovar 0.015+0.25 1.50×10
13

 

Nb and 

Nb/Pd 
775-975 2.5×10

16
 10~100 0.025 and 0.1 <6.25×10

15
 [57] 
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As described at the beginning of this section, for those blankets employing liquid breeder 

to serve as a coolant as well (self-cooled breeder), the first wall is to be exposed to tritium 

bred in blankets, depending upon its dissociation pressure, which may result in GDP. Shown 

in Fig.1.6 are the equilibrium tritium partial pressures in lithium and lithium compounds at a 

temperature of 800 K [58]. For FLiBe, which is the candidate breeder for a FFHR reactor 

[30], the tritium dissociation pressure is ~10
4
 Pa at a (T/M) concentration of ~0.1 ppm. 

 

Shown in Table 1.4 are some experimental data on gas-driven permeation for various 

metals. Compared with the database of PDP, the data on hydrogen isotopes GDP through 

metals are much more comprehensive and updated. Hydrogen transport parameters in several 

kinds of RAFSs and vanadium alloys are also available. Those GDP experiments were 

performed with a driving pressure of 10
2
-10

5 
Pa at a temperature of 322-1073 K. Some 

specific aspects such as trapping [59] and coating [63] were also investigated. In general, 

studies of RAFSs report relatively consistent transport properties of hydrogen isotopes. 

 

 
 

Figure 1.6 Equilibrium tritium partial pressures in lithium and lithium compounds [58]. 
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However, due to the limitation of GDP setups, the surface recombination process is difficult 

to address in these studies. 

Table 1.4 A summary of some of the GDP experiments. 

Material 

Thickness 

Gas 

Pressure Temperature EP ED ES 

Ref. 

mm Pa K eV eV eV 

F82H 0.5-0.8 D2 5×10
2
-10

5
 373-743 0.42 0.14 0.28 [59] 

F82H 0.4 H2 10
3
-10

5
 373-723 0.41 0.15 0.27 [60] 

F82H 

1 D2 10
2
-10

3
 573-873 

0.50* 0.12 0.38 

[61] 

F82H(oxidized) 0.42* 0.08 0.34 

F82H 0.85 

T2  

8×10
2
-5.3×10

3
 490-1000 

0.42 0.08 0.34 

[62] 

D2 0.43 0.083 0.35 

F82H 1 

D2 

10
2
-10

3
 573-873 

0.46 0.081 0.37 

[63] 

H2 0.43 0.083 0.34 

Batman 0.5-0.8 D2 5×10
2
-10

5
 373-743 0.43 0.16 0.26 [59] 

MANET II 0.5 D2 3-10
5
 633-743 0.44 0.14 0.28 [64] 

Commercial 

MANET 
1 or 1.59 H2 

2.7×10
2
-10

5
 

523-873 

0.45 0.16 0.28 

[65] 

Commercial 316L 1.33×10
2
-10

5
 0.66 0.47 0.19 

Fe 0.5 H2 2.8×10
3
-10

5
 342-619 0.35 0.07 0.28* [66] 

Fe 1.33 

H2 4.3×10
2
-

6.2×10
4
 

322-779 

0.37 0.07 0.30* 

[67] 

D2 0.38 0.08 0.30* 

Fe 

0.2-0.4 H2 10
4
-10

5
 473-1073 

0.35 0.11 0.24 

[68] 

Ni 0.57 0.46 0.11 

VCr6Ti5 1 H2 10
2
-10

3
 423-1073 0.44 0.17 0.25 [69] 

* Estimated value from diffusion and solution coefficients 
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In Table 1.4, the terms EP and ED mean the activation energy for permeation and 

diffusion, respectively. ES is the heat of solution. The detailed physical meaning of them will 

be explained in Chapter 2. Generally speaking, small activation energy indicates a relatively 

small temperature dependence of the coefficients, which can explain the different GDP 

behavior of RAFSs and stainless steel. 

In summary, although the parameters such as permeability, diffusivity and solubility have 

been measured for some of the RAFSs [59-65], significant error can be made in predicting 

hydrogen isotope permeation flux through the first wall. Literature data on hydrogen 

transport parameters for RAFSs are limited because all these data are taken only from GDP 

experiments and the surface recombination process under plasma exposure is not sufficiently 

investigated. Some of the PDP experiments were run more than 20 years ago and the 

researchers’ estimations on the edge plasma parameters and operation temperatures of the 

first wall were not quite accurate. From the viewpoint of fusion engineering, most target 

materials in those experiments cannot be used as structural material in a fusion reactor. More 

efforts are needed to establish the database of hydrogen isotopes PDP through RAFSs. 

 

1.4. Objectives of this work 

Evaluation of hydrogen isotopes permeation through the first wall is extremely important 

to the fusion system design work. This PhD thesis research aims (1) to understand the 

physical mechanisms driving hydrogen isotopes permeation processes; (2) to demonstrate 

experimentally hydrogen transport phenomena that are predicted for the first wall of a fusion 

power reactor and (3) to establish a database on hydrogen transport parameters for designing 

fusion power reactors. 
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1.5. Outline of the thesis 

The thesis is arranged as follows: after this introduction chapter, some theories and 

models on hydrogen isotopes transport through solids will be briefly reviewed in Chapter 2. 

In Chapter 3, studies on hydrogen gas- and plasma-driven permeation through a reduced 

activation steel alloy F82H in a laboratory-scale steady-state plasma device: VEHICLE-1 

will be presented. The experimental results of PDP through F82H in a medium size spherical 

tokamak QUEST will be shown in Chapter 4. Chapter 5 includes the hydrogen (H) bi-

directional permeation experiments and theoretical calculations. Studies on multiple 

hydrogen isotopes (D/T) bi-directional permeation through the first walls of reactors will be 

presented in Chapter 6, followed by a summary of the whole thesis. 
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Theories on hydrogen isotopes transport 

through solids 
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In Chapter 1 the phenomena of hydrogen isotopes plasma- and gas-driven permeation 

through the first wall of a magnetic fusion reactor have been introduced. The databases of 

gas-, ion- and plasma-driven permeation experiments have been briefly reviewed as well. To 

understand those data taken in wide ranges of temperature, hydrogen gas pressure and 

implantation flux, and also to set the scene for the following research report chapters, this 

chapter reviews some of the physical mechanisms involved in the interaction of hydrogenic 

particles with solids, their diffusion and trapping in the solids, and the surface recombination 

allowing them to be released. In the latter part of the chapter, the steady state permeation 

models and hydrogen isotope effects are shown. 

 

2.1. Entering and release of hydrogen isotopes in solids  

2.1.1. Reflection and implantation  

When energetic hydrogen atoms or ions impinge on the first walls, a fraction of them are 

reflected in a time of ≤ 10
-12

 s [1]. The particle reflection coefficient RN is defined as the 

number of all backscattered particles N divided by the number of incident particles N0. As 

shown in Fig. 2.1, the particles backscattered have distributions in energy E, exit polar angle 

β, exit azimuthal angle φ and charge state qi, depending on the incident energy E0 and angle α, 

which may be described by [1,2]:  

 

0( , ; , , , )if E E q                                                          (2.1) 

 

Then RN can be obtained by integrating the distributions: 

 

0 /2 2

0 0

0 0 0

( , ) ( , ; , , , )sin

E

N i

i

R E dE d d f E E q

 

                   (2.2) 
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The particles which are not backscattered are implanted into the walls. These particle will 

be slowed down by transferring energy to the target electrons (electronic stopping), or by 

interaction with the target atom core (nuclear stopping). The mean range of implantation ions 

may be calculated by [3]: 

 

0

0

1

( )

E
dE

d
n S E

                                                                   (2.3) 

 

where E0 is the incident energy, n is the particle number and S(E) is the total stopping cross 

section from electronic and nuclear stopping. 

Based on the binary collision approximation (BCA) [4], several Monte Carlo simulation 

codes have been developed for plasma-wall interaction applications, for example, TRIM [5], 

ACAT [6] and EDDY [7]. Shown in Fig.2.2 are the calculation results for reflection 

coefficient of hydrogenic particles on pure iron surface by these codes. The calculated 

reflection coefficient decreases as an increase of implantation energy when E0 is larger than 

10 eV. Figure 2.3 shows one calculation on hydrogen implantation profile in iron by 

SRIM2008 [8] and EDDY. In general, the calculation results given by these codes are in 

good consistency. 

 

Figure 2.1 Backscattering of an ion with incident energy E0 from 

the surface of a solid (re-plot from [1].) 
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Figure 2.2 Particle reflection coefficient of hydrogen on iron estimated by 

the Monte Carlo codes. For the IPP report, see [5]. 

 

Figure 2.3 Calculated hydrogen implantation profile in iron by SRIM2008 

and EDDY codes. The implantation energy is 100 eV. 
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Figure 2.4 Schematic energy diagram for hydrogen in metals. (Re-plot from [3]). 

US, UC, Ut and UP are the enthalpies of solution, chemisorption, trapping 

and precipitation. UM is dissociation energy and UD is the activation 

energy for diffusion. 

2.1.2. Solution 

For hydrogen gas and solids in thermodynamic equilibrium, the hydrogen solubility in 

metal is proportional to the square root of the partial pressure of the gas (Sieverts’ law [9]) 

and the bulk concentration C can be given by: 

 C S p  ,                                                                  (2.4) 

with S  donating the solubility expressed by [3]: 

 0 exp( )SU
S S

kT
  ,                                                                  (2.5) 

where US is the enthalpy of solution, which is positive for endothermal hydrogen-solid system 

and negative for exothermal case. 
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2.1.3. Diffusion and trapping 

The dissolved hydrogen atoms may migrate in the host lattice, or be trapped by defects 

and impurities in the lattice. Figure 2.4 shows a schematic energy diagram for hydrogen in 

metals. It can be seen that the trapping sites expose a higher binding energy than regular 

solution sites. The behavior of one-dimensional hydrogen transport through a solid with 

trapping sites can be described by the following equations [10]: 

2

2

( , )( , ) ( , )
( ) ( , )   tC x tC x t C x t

D T G x t
t x t

 
  

  
                                 (2.6) 

02

( , ) ( , ) ( , )
( ) ( , ) exp( / )   

e

t t
t t

C x t C x t C x t
D T C x t U kT

t





  


              (2.7) 

0( , ) ( ) ( , )e

t t tC x t C x C x t                                                                     (2.8) 

where C(x,t) and Ct(x,t) are the concentrations of mobile and trapped atoms as a function of 

position x and time t; D is the diffusion coefficient; T is the temperature; G(x,t) is the 

hydrogen implantation profile; Ct
0
(x) and Ct

e
(x) are the concentrations of intrinsic and empty 

trapping sites, respectively;   is the mean distance between trapping sites; is the jumping 

frequency; k is Boltzman’s constant and Ut is the de-trapping energy. Equation (2.6) indicates 

that trapping sites introduced by neutron or energetic particle bombardment will only affect 

the initial transient permeation behavior. 

The diffusion coefficient D can be derived from the “random walk” model, in which case 

D is given as [14]: 

0 exp( )DU
D D

kT
                                                    (2.9) 

where D0 is the pre-exponential containing the jumping frequency and lattice structure 

information,  and UD is the activation energy for diffusion.  
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2.1.4. Surface recombination 

Hydrogen is released from the surface of a solid via the recombination of dissolved atoms 

to a hydrogen molecule. The recombination flux (i.e. re-emission flux) J- is proportional to 

the square of the bulk concentration C at the surface [3]: 

2
         rJ K C


                                               (2.10) 

with the recombination coefficient Kr.  

Based on the idealized energy diagram shown in Fig 2.4, several models for estimating Kr 

have been proposed (see Ref. [11], [12] and [13]). Baskes [11] gave a simplified method to 

calculate the recombination coefficient and the Kr is given as: 

 
0      exp( )K

r
K U

K
kTT

                                        (2.11) 

where UK is the activation energy of recombination and UK = UD+US when UD+US ≥ 0; and 

UK = 2US when UD+US < 0. K0 is a pre-factor which is related to the solubility, diffusivity 

and surface sticking coefficient:  

 

2.2. Steady state permeation models  

The steady state permeation flux J+ controlled by diffusion is generally given by Fick’s 

first law [14]:  

         J D
C

x
  




                                              (2.12) 

For gas-driven permeation, the steady state GDP flux through a thin membrane can be 

obtained by combining Eq. (2.4) and (2.12): 
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up down up down

J DS
P P P P

L L
 

 
                                (2.13)              

where L is the membrane thickness, Pup and Pdown are the hydrogen pressures at the upstream 

side and the downstream side, respectively. Note here that usually Pup>>Pdown holds. Here 

Φ= DS is usually defined as the permeability of hydrogen through a solid. 

For plasma-driven permeation, three regimes are considered [15,16]: (1) diffusion-limited 

release of hydrogen from both the upstream and downstream surfaces (to be referred to as the 

DD regime); (2) recombination-limited release of hydrogen from the upstream surface and 

diffusion-limited release of hydrogen from the downstream surface (to be referred to as RD 

regime) and (3) recombination-limited release of hydrogen for both surfaces (to be referred 

to as RR regime).  

The rate controlling process can be characterized by the dimensionless parameter W [15]:               

1/2

0 ( )r

d
W

D
J K .                                                  (2.14)              

Shown in Fig. 2.5 (a) is the normalized hydrogen concentrations as a function of W, 

assuming the ratio of the implantation range and the membrane thickness α = d/L =10
-6

, and 

the surface conditions for the front surface and back surface are the same (β = Kr/Kl =1). CR, 

C0 and CL are the hydrogen concentrations at the implantation range, front surface and back 

surface, respectively.  

The overall hydrogen transport is controlled by the slowest process and the parameter W 

may be regarded as a competition between diffusion and recombination. For W > 1, which is 

possible when hydrogen is deeply implanted and diffusion is slow compared with surface 

recombination, the concentration is peaked at the implantation range d (CR > C0, CL, as 

shown in Fig.2.5(b)). This regime is the DD-regime. For βα < W <1, CR ≈ C0 and CL ≈ 0, 

indicating recombination-limited behavior at the upstream surface and diffusion-limited 
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behavior at the downstream surface. If W < βα, the hydrogen concentration is uniform 

throughout the membrane and PDP is in the RR regime. 

 

 

Figure 2.5 (a) normalized hydrogen concentrations as a function of W (re-

edit from [15]) and (b) hydrogen concentration profiles for the 

three regimes. 

The steady state hydrogen plasma-driven permeation flux J+ is given by the following 

formulae: 

0
                

d
J J

L
     (for DD regime)                         (2.15)              

0
     

r

D
J

L

J

K
       (for RD regime)                          (2.16)              

      0     
l

r l

K
J J

K K
 


     (for RR regime)                          (2.17)              
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It should be pointed out that:  

(1)  In the DD regime, J+ is not related to the surface recombination coefficients;  

(2) In the RD regime, J+ is only affected by the upstream surface recombination 

coefficient, but not the downstream surface condition. Meanwhile, only in this 

regime J+ is proportional to the square root of the implantation flux J0.  

(3)  In both DD and RD regimes, J+ is inversely proportional to the membrane thickness 

L. In contrast, J+ is not affected by L in RR regime. 

 

2.3. Isotope effects 

For D-T fusion reactor studies, isotope effects must be taken into account because both 

deuterium and tritium are the fuels. Isotope effects on hydrogen transport can be divided into 

two classes [17], i.e. intrinsic effects and synergistic effects. The former class is related to the 

differences in the transport properties of each of the individual isotopes, for example, the 

isotope dependence of the diffusivity, the heat of transport and trap strength. The latter class 

is due to the competition of the various isotopes for traps and the coupling of isotopes 

through the process of surface recombination. 

Taking into account the isotope effects, the one-dimensional hydrogen transport process 

described in (2.6)-(2.8) can be modified as [18]: 

2

2

( , )( , ) ( , )
( ) ( , )   

ijj j

t
j j

i

C x tC x t C x t
D T G x t

t x t

 
  

  
                           (2.18) 

02

( , ) ( , ) ( , )
( ) ( , ) exp( / )   

ij j ei
ij it t

j t t

C x t C x t C x t
D T C x t U kT

t





  


              (2.19) 

0( , ) ( ) ( , )ei i ij

t t t

j

C x t C x C x t  ,                                                              (2.20) 
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where C
j
(x,t) and Ct

ij
(x,t) are the concentrations of mobile j

th
 species and trapped j

th
 species in 

the i
th

 trapping site; Dj is the diffusion coefficient of the j
th

 species; T is the temperature; 

Gj(x,t) is the hydrogen implantation profile of the j
th

 species; Ut
i
 is the de-trapping energy of 

the i
th

 trapping site; Ct
0i

(x) and Ct
ei
(x) are the concentrations of intrinsic and empty i

th
 

trapping sites, respectively.  

The isotope effects have been included into some of the hydrogen transport codes like 

TMAP [18] and DIFFUSE [19], the latter of which has been utilized to analyze the bi-

directional permeation behavior under some of the reactor-relevant conditions in this thesis 

work. More detailes are presented in Chapter 6. 
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2.4. Summary 

In this chapter, the physical mechanisms involved in the hydrogen permeation process are 

briefly introduced. When hydrogenic particles impinge on solids, a fraction of them will be 

immediately reflected. For those hydrogenic atoms implanted into the solid, they will either 

transport in the lattice of solids, or be trapped by impurities and defects. Finally, the mobile 

atoms will be released as molecules by surface recombination.  

The theories on hydrogen isotopes transport through solids have been well developed and 

some hydrogen transport case can be analytically of numerically solved. This thesis work 

tries to utilize these theories to explain the observations in various permeation experiments. 

Using the equations describing the transient and steady state hydrogen transport behavior, the 

permeation properties of various materials can be evaluated and the transport parameters 

such as Sieverts’ constant, diffusion and recombination coefficients can be measured. 

The steady state PDP models show the relation between the implantation flux J0 and the 

permeation flux J+ in different regimes, which indicate the potential methods to suppress J+. 

Taking the RD regime as an example, one would consider either increasing the front surface 

coefficient or increasing the membrane thickness to reduce J+ for the first wall made by a 

certain material. However, as pointed out in Chapter 1, thermo-mechanical stresses would 

not allow us to consider thick first wall designs. This leads us to the use of permeation barrier 

and the modification of the plasma-facing surfaces, which are presented in detail in Section 

3.6 of Chapter 3. 
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Chapter 3  

Hydrogen gas- and plasma-driven 

permeation through a reduced 

activation steel alloy F82H 
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Gas- and plasma-driven permeation through a reduced activation steel alloy: F82H has 

been systematically investigated using a steady state laboratory-scale plasma device: 

VEHICLE-1 [1]. Hydrogen transport parameters have been measured from both GDP and 

PDP for F82H. The surface condition effects on plasma-driven permeation have been 

investigated as well. Based on the results, evaluation of hydrogen isotopes permeation and 

inventory in the first wall would be possible for reactor design studies. 

 

3.1. VEHICLE-1 linear plasma facility and the permeation experimental 

setup 

Figure 3.1 shows (a) a picture and (b) a schematic diagram of the liner plasma facility: 

VEHICLE-1 (the Vertical and Horizontal positions Interchangeable test stand for 

Components and Liquids for fusion Experiments) [1]. The VEHICLE-1 facility employs a 1 

kW 2.45 GHz electrical cyclotron resonance (ECR) plasma source which can generate steady 

state plasmas. These plasmas are magnetized at around 300 G. For well-diagnosed 

experiments, VEHICLE-1 is installed with a movable Langmuir probe, a digital CCD camera, 

an optical spectrometer, a total and partial pressure gauges for plasma characterization, and 

equipped with an infrared pyrometer, thermocouples and a resistive heater for temperature 

measurements and control, respectively. 

 

Figure 3.1 (a) The VEHICLE-1 facility and (b) a schematic diagram of the device.  
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Shown in Fig.3.2 is a schematic diagram of the GDP and PDP setup in VEHICLE-1. 

For GDP experiments, hydrogen is introduced from a gas cylinder into the closed volume, 

shown by the shaded area in Fig.3.2, up to PH2 = 10
4
-10

5
 Pa. An absolute pressure gauge has 

been used to measure the H2 pressure at the high pressure side, while hydrogen permeation is 

detected by a quadrupole mass spectrometer (QMS) in the VEHICLE-1 test chamber (to be 

referred to as QMS I). A resistive heater is set beneath the membrane to control the 

temperature. For PDP experiments, the gate valve is open and the shaded area in Fig.3.2 is 

kept in high vacuum. Then plasma is produced in VEHICLE-1 and the hydrogen permeation 

flux due to PDP can be measured by another QMS (to be referred to as QMS II). The plasma 

density is of the order of 10
10

 cm
-3

, the electron temperature is ~3 eV. The ion bombarding 

energy is controlled by a negative bias applied to the membrane, relative to the VEHICLE-1 

machine ground. 

            

Figure 3.2 A schematic diagram of the gas-driven and plasma-driven 

permeation setup in VEHICLE-1. Two QMSs have been installed 

so that PDP, GDP and bi-directional permeation experiments can 

be performed. 
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3.2. Characterization of hydrogen plasmas in VEHICLE-1 

The plasma densities and electron temperatures measured by the Langmuir probe are 

shown in Fig. 3.3 as a function of ECR power and in Fig.3.4 as a function of hydrogen 

neutral gas pressure, respectively. For the ECR power dependence measurements, the 

hydrogen pressure was maintained at ~0.2 Pa in these measurements. The electron density 

increases with increasing ECR power, which, however, is not the case with the electron 

temperature. In Fig.3.4, the ECR power is fixed at 200 W. The plasma density increases with 

increasing hydrogen gas pressure while the electron temperature shows an opposite trend. 

 

Figure 3.3 Plasma density and electron temperature as a function of ECR power. 

 

Figure 3.4 Plasma density and electron temperature as a function of hydrogen pressure. 
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The ion species mix of the hydrogen plasmas is estimated using a zero-dimensional 

model. This model includes not only the rate balance equations for H+, H2
+, H3

+ and H atoms, 

as some researchers did in their work [2], but also the rate balance equation for H−, whose 

concentration should not be ignored for plasmas with an electron temperature lower than 3 

eV [3]. In the present study, the following reactions are considered: 

H + e H 2e                (a) 

2H + e 2H e          (b) 

*

2H + e H + H e          (c) 

2 2H + H H H               (d) 

2 2H + e H 2e                (e) 

 2H + e H H 2e            (f) 

*

2H e H + H                          (g) 

2H e H + H e            (h) 

2H e 2H + 2e              (i) 

2 2 3H H H + H                        (j) 

3 2H e H + H e         (k) 

3 2H e H H            (l) 

2H + e H H                    (m) 

H + e H + 2e         (n) 

H + H 2H                      (o) 
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The rate balance equations describing the concentrations of the ion and atom species Nj are: 

 

2 2
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where N1, N2, N3, N-, NH2 and NH are the densities of H+, H2
+, H3

+, H−, H2 molecules and H 

atoms, respectively; 𝜂 is wall energy loss factor; τi is ion confinement time, R is the atom 

reflection coefficient; Rp and Rw are the radii of plasma column and chamber wall, 

respectively. The last term in Eq. (3.5) means H atom loss by sticking on the wall and v/(1-

R+𝜂) is an approximation of the velocity of H atoms after taking into account energy loss 

after wall reflection [2]. The reaction rate coefficients S<ϭv> used here are from reference [4].  
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Hydrogen molecules are regarded as the particle source C in this model, which is 

consistent with the ECR discharge conditions in VEHICLE-1. The rate balance equation for 

H2 molecules is: 

2

2 2 2

2 2

H

3 e H e H e H e e

H e f 3 e m H 1 d

l b c

N
N N S N N S N N S N N S

t

N N S N N S N N S C


   


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(3.6)

 

Solving the rate balance equations (3.1) - (3.6) numerically together with the electrical 

neutrality condition: 

e 1 2 3N N N N N    ,                                                 (3.7) 

the densities of the species Nj can be obtained. 

Shown in Fig.3.5 is a calculation result using the zero-dimensional model. In this 

calculation, the electron density is set at 1×10
10

 cm
-3

 and the atom reflection coefficient R is 

assumed to be 0.9. The ion confinement time τi for H+ is estimated to be ~200 µs according 

to the plasma parameters and dimension of the VEHICLE-1 facility. The ion confinement 

time for other species are estimated by assuming τi is proportional to the square root of ion 

mass. The electron temperature and density data used in the calculation are taken by 

Langmuir probe measurements. For ECR discharges in laboratory-sale facilities, usually Te >> 

Ti holds. The ion temperature is assumed to be 0.1 eV, which is the lower temperature limit 

of available database [4].  

The modeling results indicate that H3
+  is the dominant ion species at the electron 

temperature and neutral hydrogen gas pressure (~0.1 Pa) in our experiments. The 

concentration of H+  increases as the increase of electron temperature and becomes the 

dominant species when the electron temperature is higher than 4 eV.  
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Figure 3.5 Estimation of the ion species mix using the zero-dimensional model.  

Then the net implantation flux J0 into a membrane at a certain bias voltage can be 

expressed in the following manner: 

3
B e i

0

1

(1 ) ( )

2
j

Nk k

j H

R jN k T T
J

m 

 
                                           (3.8) 

where kB is the Boltzmann constant, Te and Ti (Ti ≈ 0) are the electron and ion temperatures, 

respectively, and RNk is the particle reflection coefficient calculated from the Monte Carlo 

program, SRIM (See Fig.2.2 in Chapter 2). The net implantation flux is estimated to be of the 

order of 10
15 

~10
16 

H/cm
2
/s for VEHICLE-1 hydrogen plasmas.  
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As presented in Section 1.3 of Chapter 1, the cross-field particle flux to the first wall of a 

fusion power reactor has been estimated to be of the order of 10
16 

H/cm
2
/s. It is thus believed 

that the plasma bombardment conditions in VEHICLE-1 are relevant to those to be seen in 

the first wall environment of fusion reactors 

 

3.3. Sample preparation and analysis methods 

The permeation samples are cut from the F82H plates used in the JFT-2M tokamak in 

JAERI (now JAEA) [5]. The samples are prepared in the same dimensions as those 

commercially available conflat flanges with an outer diameter of 70 mm, except that a 

circular area of ~35 mm in diameter inside the knife-edge is machined down to thicknesses 

of 0.5 mm to 5 mm to use as permeation membranes, as shown in Fig.3.6 (a) and (b). 

Plasma-facing surfaces of the membranes are mechanically polished and then cleaned in an 

ultrasonic bath. SUS304 membranes prepared in the same way are also used in some of the 

experiments as a reference material. 

For the PDP experiments, the plasma-facing side of the membrane is covered by a 

stainless steel mask which has a 35 mm diameter hole. Although the diameter of the 

cylindrical plasma column is ~70 mm, only the central membrane area of the sample is 

exposed to the plasma, as shown in Fig.3.6 (c) and (d). 

The membrane surface before and after permeation experiment is analyzed by optical 

microscope, scanning electron microscope (SEM), energy dispersive X-ray spectroscopy 

(EDX) and X-ray photoelectron spectroscopy (XPS) as a routine procedure. For the XPS 

analysis, Ar
+
 sputtering at 4 kV is utilized so that the depth profile can be obtained. The 

sputtering rate for F82H has been calibrated using long-time sputtering and a crater profile 

analysis method [6]. 
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Figure 3.6 (a) A picture of the permeation membrane sample with 

dimensions; (b) a schematic diagram of the permeation 

membrane; (c) a sample installed with a mask and (d) a 

sample exposed to hydrogen plasma. 

 

3.4. Gas-driven permeation  

Figure 3.7 shows the GDP flux through a 5 mm thick F82H membrane. The steady state 

sample temperature is around 500 ℃. The upstream driving pressure is set at ~10
4
 Pa, which 

is relevant to the tritium dissociation pressure from FLiBe at 527 ℃ and at a (T/M) 

concentration of ~0.1 ppm [7]. The steady state gas-driven permeation flux is measured to be 

~1×10
15

 H cm
-2

s
-1

.  
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Figure 3.7 Hydrogen GDP breakthrough curve for a 5 mm F82H 

membrane at a surface temperature of ~500 
o
C.   

The steady state GDP data have been taken for F82H membranes at temperatures 

between ~245
 ℃ and ~510 ℃. Shown in Fig.3.8 are the GDP permeation fluxes as a function 

of upstream hydrogen pressure, from which one can find a linear relation between the GDP 

flux and the square root of upstream pressure at all the temperatures examined in this study.  

 

Figure 3.8 Steady state hydrogen GDP fluxes through a 1 mm thick F82H 

membrane at temperatures of ~245 ℃, ~360 ℃ and ~510 ℃.   
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Notice that the experimental data lines don’t appear to intersect the zero point at Pup = 0, 

which is presumably due to the desorption of residual hydrogen from previous experiments. 

Shown in Fig.3.9 are the steady state permeation fluxes taken from GDP experiments on 

1, 2 and 5 mm thick F82H membranes under an upstream pressure of ~10
4
 Pa and a sample 

temperature of 500 
o
C. The data suggest that the permeation flux is inversely proportional to 

the membrane thickness. 

 

Figure 3.9  Steady state hydrogen GDP flux through F82H membranes at 

~500 ℃ with an upstream pressure of ~10
4
 Pa. 

All the experimental data agree with the theoretical prediction for the steady state 

diffusion-limited GDP flux given by Eq. (2.13), assuming downstream pressure Pdown=0 : 

up up
J DS

P P

L L
   ,                                                           (3.9) 
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where Φ [mol·cm
-1

·s
-1

·Pa
-1/2

] is the permeability and Φ = DS. Gas-driven permeation 

through F82H under all the experimental conditions examined in this work is diffusion-

limited. 

The measurement of the steady state GDP flux will lead to the permeability and Sieverts’ 

constant. Shown in Fig. 3.10 is the evaluated hydrogen permeability for SUS304 from 445 to 

510 ℃. In this temperature range, the permeability P [mol·cm
-1

·s
-1

·Pa
-1/2

] is expressed as: 

10 [ ]
9.6 10  exp

0.62 eV
( )

kT
P 


 ,                                                   (3.10) 

which is close to the literature data for SUS304 given by Katsuta et al. [8]. 

 

 

Figure 3.10 Hydrogen isotopes permeability through SUS304.  

Katsuta’s data [8] and Sun’s [9] data are shown 

for comparison. 
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Shown in Fig. 3.11 are the results of hydrogen permeability measurements for F82H from 

165 to 520 ℃. The permeability P from the present experiments is given by:  

10 [ ]
2.3 10  exp

0.39 eV
( )

kT
P 


 .                                        (3.11) 

 

Figure 3.11 Hydrogen isotopes permeability through F82H. Serra’s 

[10], Pisarev’s [11] and Kulsartov’s [12] data are shown for 

comparison. 

The diffusion coefficient D [cm
2
·s

-1
] can be measured from the transient permeation 

behavior. A time dependent expression for the hydrogen permeation flux J+(t) through a 

membrane is possible to obtain for the case where the input hydrogen pressure is 

instantaneously increased from zero to p [Pa] and where the initial concentration throughout 

the membrane is zero [13]: 

2 2

0

2
1

( ) [1 2 ( 1) exp( )]n

n

DC n
J t D t

L L







     ,                              (3.12) 
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Figure3.12 An example of diffusivity measurement: (a) fitting the transient GDP flux 

curve and (b) time lag from time-integrated GDP flux. In this case, the 

F82H membrane thickness is 1 mm and the temperature is 250 ℃. The 

upstream hydrogen pressure is 3.3×10
4
 Pa. The lag time is measured to be 

~63 s. 

where C0 = S·p
1/2

 is concentration by Sieverts’ law; S [mol·cm
-3

·Pa
-1/2

] is Sieverts’ constant 

and L [cm] is the membrane thickness. The diffusion coefficient can be obtained by fitting 

the transient permeation flux data, as shown in Fig. 3.12(a). 
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Diffusivity can also be estimated either by measuring the time lag tl=L
2
/6D, at which a 

line fitted to the asymptotic region of the time-integrated flux curve intersects the time axis 

(Fig.3.12(b)), or by measuring the breakthrough time tb≈L
2
/15.3D [14]. All of the above-

mentioned three methods can be used to obtain D, depending on the experimental data 

conditions. For example, if the transient curve is not available, D can be measured from the 

steady state data by time lag method. On the other hand, breakthrough time measurement 

would be useful when the permeation flux cannot reach steady state. 

Shown in Fig. 3.13 is the evaluated hydrogen permeability for SUS304 from 445 to 

510 ℃. The diffusion coefficient D [cm
2
·s

-1
] has been measured to be: 

   3 0.57 [eV]
5.5 10 expD

kT

  
   

 
 .                                        (3.13) 

 

Figure 3.13 Hydrogen isotopes diffusion coefficients measured for 

SUS304. Sun’s data [9] and Doyle’s data [20] are shown 

for comparison. 
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Sieverts’ constant (solubility) S [mol·cm
-3

·Pa
-1/2

] for SUS304 can be obtained by S=P/D 

as: 

7 [ ]
1.8 10  exp

0.05 eV
( )

kT
S 


 .                                        (3.14) 

The small value for the heat of solution indicates a relatively week temperature dependence 

for the solubility of hydrogen in SUS304. 

 

Figure 3.14 Hydrogen isotopes diffusion coefficients measured for 

F82H. Serra’s [10], Kulsartov’s [12] and Shestakov’s 

[17] data are shown for comparison. 

The diffusion coefficient for F82H has been evaluated in a temperature range of 150-

450 ℃, as shown in Fig. 3.14. Literature data for F82H are also shown for a comparison. A 

breaking point around ~250 ℃ has been reported in other works as well when measuring D 

for high chromium martensitic/ferritic steels [10,15]. A possible reason for the breaking point 
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is the trapping effect. In the presence of trapping sites, the diffusion process is described by 

Eq. (2.6) in Chapter 2: 

2

2

( , )( , ) ( , )
( ) ( , )tC x tC x t C x t

D T G x t
t x t

 
  

  
,                             (2.6) 

which indicates that the initial transient permeation behavior is affected by trapping, and as a 

result, the measurement of effective diffusivity Deff may be affected as well. Oriani [16] gave 

the relation between Deff and the lattice diffusivity DL for the low trap coverage case: 

1

eff L T L[1+ / exp( / )]tD D N N U kT   ,                                  (3.15) 

where Ut is the trapping energy; NL and NT are the density of lattice and trapping sites, 

respectively. It follows from Eq. (3.12) that Deff is lower than DL at low temperatures, but 

Deff ≈ DL when the temperature is high enough, which is in accord with our experimental 

result. 

  In fusion reactors, blankets are required to operate at elevated temperatures for efficient 

heat exchange. For example, the operation temperature for the first wall made of F82H is 

~500 ℃ [18]. The diffusion coefficient D at temperatures >250 ℃ from the present work can 

be expressed by  

4 0.14 [eV]
7.5 10 expD

kT

  
   

 
.                                   (3.16) 

Then, Sieverts’ constant S for F82H can be given as following: 

7 0.25 [eV]
3.1 10 expS

kT

  
   

 
.                                    (3.17) 
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3.5. Plasma-driven permeation  

Figure 3.15 shows the PDP flux through a 5 mm thick F82H membrane with a polished 

surface. The plasma is produced with a hydrogen gas pressure of ~0.2 Pa. The ECR power 

and bias are set at 550 W and -100 V, respectively. Under such discharge condition, the 

electron temperature and density are measured by the Langmuir probe to be 3.5 eV and 

3×10
10

 cm
-3

, respectively. At 500 ℃, the steady sate permeation flux has been found to be 

~3×10
13

 H/cm
2
/s.  

 

Figure 3.15 Hydrogen PDP breakthrough curve for a 5 mm F82H 

membrane at a surface temperature of ~500 
o
C  

Shown in Fig. 3.16 are the hydrogen permeation data taken from PDP experiments on 1, 

2 and 5 mm thick F82H membranes at surface temperatures of ~220 ℃ and ~500 ℃. For 

these experiments, the electron density and temperature are measured to be 3 eV and 1×10
10

 

cm
-3

. Using Eq. (3.8), the net implantation flux J0 has been estimated to be ~5×10
15

 H/cm
2
/s, 

which suggests a permeation flux ratio J+/J0 to be of the order of 10
-4

 - 10
-3

. 

The steady state permeation fluxes through F82H are inversely proportional to the 

membrane thickness under all the temperatures examined. Recombination-limited release 

may be assumed for the upstream surface in this study because the implantation depth is only 
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several nm at a bias of -100 V [19] and the possibility of DD-limited regime can be excluded 

as well by the measured permeation flux ratios. That’s to say, hydrogen plasma-driven 

permeation through F82H in the present study is in the recombination-diffusion limited 

regime. 

 

Figure 3.16 Steady state hydrogen PDP fluxes through F82H 

membranes at ~220 ℃ and ~500 ℃.  

 

Figure 3.17 Temperature effect on steady state hydrogen PDP 

fluxes through F82H.  
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Hydrogen PDP fluxes through F82H membranes have also been measured as a function 

of temperature. Shown in Fig. 3.17 is the temperature dependence of PDP flux for a 1 mm 

thick F82H membrane. From the Arrhenius plots the permeability enthalpy, UP, is estimated 

to be 0.48 eV. For PDP taking place in the RD-regime, UP can be related to energies for 

surface recombination (UK) and diffusion (UD) as follows: Up ≈ UD-0.5UK = 0.48 eV. Using 

the available UD for F82H (0.14 eV), a negative UK is obtained, indicating that the 

recombination coefficient Kr may decrease at elevated temperatures. 

As introduced in Chapter 2, for hydrogen PDP taking place in the RD-regime, the steady 

state permeation flux J+ [atoms·cm
-2

·s
-1

] is inversely proportional to the square root of the 

upstream recombination coefficient Kr: 

0

r

D
J

L

J

K
    ,                                                       (2.16)              

i.e., when D and L are known, Kr can be obtained from the measurements of J+ and J0. 

Recombination coefficient Kr is extremely sensitive to the surface condition. For example, 

the reported data for stainless steel span several orders of magnitude [20]. Surface effects on 

hydrogen PDP through F82H have been separately investigated and the details are shown in 

the next section. In this study, the membrane is polished and analyzed by energy dispersive 

X-ray spectroscopy to make sure no major impurities are left on the surface. Prior to 

hydrogen PDP experiments, argon plasma bombardment is conducted for 10 minutes at -50V 

so as to remove surface contamination from air exposure. Having surface conditioning done, 

Kr is assumed to be evaluated from a relatively “clean” surface. 

To validate the experimental method, evaluation of Kr for SUS304 has been performed 

and compared with literature data. Shown in Fig. 3.18 are the Kr [cm
4
·s

-1
] data taken for 

SUS304, which can be expressed as following: 
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20 [ ]
2.9 10 exp

0.26 e
(

V
)

k
Kr

T

 
                                              (3.18) 

The experimental results are in good agreement with literature data, which means the 

method used in this research is valid for the evaluation of other first wall candidate materials. 

 

Figure 3.18 Hydrogen recombination coefficients Kr for SUS304. 

Doyle’s data [20] are shown for comparison.  

Then the same evaluation method is applied to F82H. Shown in Fig.3.19 are the Kr data 

from the present work:  

21 [ ]
4.8 10 ex

0.48 e
p(

V
)

kT
Kr

                                  (3.19) 

The experimental error mainly comes from the measurement of the implantation flux. To 

allow a comparison, recombination coefficients for α-Fe [21,22] and F82H [23] are also 

shown in Fig. 3.19. It can be seen that the measured Kr for F82H decreases at elevated 

temperatures, which is similar to the trend for α-Fe. This result is opposite to Hirata’s 
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theoretical calculation [23], in which case the hydrogen transport parameters of DIN 1.4914 

are used as the input data. 

 

Figure 3.19 Hydrogen recombination coefficients Kr for F82H. 

The data for α-Fe [21,22] and F82H [23] are shown 

for comparison.  

     Using the steady state PDP model and the transport parameters measured by the present 

experiments, plasma exposure-induced hydrogen permeation flux and average concentration 

in a first wall made of bare F82H can be estimated under various blanket conditions. It must 

be pointed out that the hydrogen inventory discussed here is the dynamic inventory from 

solution, and the retention caused by trapping is not included. Shown in Fig. 3.20 is the 

calculation result for a 5 mm thick wall with a net implantation flux of 10
16

 atoms·cm
-2

·s
-1

. 
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The permeation flux is calculated by Eq. (2.16) and the average concentration 𝐶̅ (atom·cm
-3

) 

is given by [24]: 

0

1/2
)/ 2(1 )( /rC J K W   ,                                        (3.20) 

where W is the permeation parameter defined by Eq. (2.14). Notice that in this temperature 

range, the hydrogenic inventory in F82H tends to be larger at higher temperatures.  

The hydrogenic PDP flux and inventory around 500 ℃ have been estimated to be 

~1.0×10
13

 atoms·cm
-2

·s
-1

 and 1.3×10
16

 atoms·cm
-2

, respectively, which means hydrogen 

isotope PDP through a 1000 m
2
 first wall would be ~22 g/day tritium and ~14 g/day 

deuterium, assuming a 50% T and 50% D particle composition.  

 

Figure 3.20 Calculations of the steady state tritium PDP flux and retention for 

a 0.5 cm thick F82H first wall. A net implantation flux of 10
16

 

atoms·cm
-2

·s
-1

 is assumed. 
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3.6. Surface effects on plasma-driven permeation 

Under reactor operational conditions, the plasma-facing side of the first wall would not 

be as smooth and clean as those polished samples used in laboratories. The wall will be either 

covered by contaminations, or eroded by plasma bombardment, depending upon the local 

plasma conditions [25]. Although it is well known that plasma-driven permeation is affected 

by the surface conditions of membranes [26-33], more detailed study on this issue is still 

needed, especially concerning the surface area effects. 

In the present work, two aspects on surface effects on hydrogen PDP are separately 

examined: one is because of surface contamination; and the other is due to the variation in 

surface area.  

3.6.1. Models on surface modification effects on PDP 

In this section, some possible mechanisms related to the surface condition effects on 

plasma-driven permeation are briefly reviewed, including both contamination and area 

effects. The validity of these theoretical models is shown in Section 3.6.2. 

3.6.1.1. Surface contamination effects on PDP 

As indicated in Section 3.5, hydrogen PDP through F82H under current experimental 

conditions takes place in the RD limited regime, i.e., recombination-limited at the front 

surface and diffusion-limited inside the bulk, as shown in Fig. 3.21 (a). Steady state 

permeation can be expressed by the following equations: 

0 +

2

0
  

                                                        (3.21)  

                                                        (2.10)
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where 
0

J  is the net implantation flux, J

 is the recombination release (i.e. reemission) flux 

from the upstream surface,
+

J  is the permeation flux, sC  is the front surface hydrogen 

concentration and rK  is the recombination coefficient of the plasma-facing surface. 

 

Figure 3.21 Plasma-driven permeation takes place in the RD-limited regime for (a) a 

clean surface, (b) a contaminated surface with thin film and (c) a 

contaminated surface with thick impurity layer. 

Some literature data suggest that the hydrogen PDP flux +
J  is enhanced when the 

plasma-facing surface is contaminated [27-30]. That is because recombination release J

 is 

suppressed by the presence of impurity film, as shown in Fig. 3.21 (b). However, it is also 

true that if the contaminated layer is thick enough to act as a second layer for diffusion, 

hydrogen PDP will be suppressed (Fig. 3.21 (c)) [31,32]. The latter case is of interest from 

the fusion engineering point of view as it suggests a potential measure to reduce hydrogen 

PDP through the first wall in a reactor. 
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3.6.1.2. Surface area effects on PDP 

The surface of plasma-facing walls can be modified significantly by plasma 

bombardment. Surface morphologies such as bubbles [34], coral-like structures and cones 

[25] may be formed, depending on the plasma conditions, material property, temperature and 

impurity seeding, etc. Those micron scale structures will change the plasma exposure area 

and result in higher hydrogen release at the front surface. Considering particle conservation 

and surface reflection, the net implantation fluxes can be expressed as J0 = Jp·(1-R0) for a 

polished surface and J1 =Jp·A0/A1·(1-R1) for a modified surface, where Jp is the ion incident 

flux, A0 and A1 are the surface areas for a polished surface and a modified surface, 

respectively, and R0 and R1 are the corresponding particle reflection coefficients, as shown in 

Fig. 3.22. Using Eq. (3), the steady state permeation flux ratio J1+/J0+ of the two cases can be 

given as: 

1 0 0 1/ /J J A A                                              (3.22) 

i.e., the permeation flux is inversely proportional to the square root of surface area.  

 

Figure 3.22 Schematic diagrams of the surface area effects on plasma-driven permeation. 
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3.6.2. Surface condition effects experiments 

3.6.2.1 Surface contamination effects observed in VEHICLE-1 

In VEHICLE-1, the contamination effects have been investigated by introducing oxide 

layers on F82H. These samples are exposed to hydrogen plasmas with an electron density of 

~5×10
9
 cm

-3
 and a temperature of ~3.5 eV. A bias of -50 V is applied onto the membrane 

flange, relative to the VEHICLE-1 machine ground. The hydrogen PDP behavior 

with/without surface oxidation is shown in Fig.3.23. After oxidization, it takes a longer time 

for the permeation flux to reach steady state, suggesting a lower effective diffusion 

coefficient for the oxidized samples. For the 270 min (4.5 h) oxidization case, the steady-

state permeation flux is lower by a factor of ~1.5 than that of a “clean” membrane. 

 

Figure 3.23 Hydrogen PDP through clean and oxidized F82H 

membranes at a temperature around 520 ℃. 

Figure 3.24 shows the XPS analysis results for (a) a polished surface before PDP, (b) a 

surface after 0.75 h oxidization and (c) a surface after 0.75 h oxidization and 3 h plasma 

exposure. Notice that the implantation range of hydrogen particles in iron is less than several 
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nm at an implantation energy of <50 eV [35], while the thickness of the oxide layer is tens of 

nm, which should be thick enough to act as a second layer for diffusion, as illustrated in 

Fig.3.21 (c). Plasma exposure can reduce the impurity layer thickness by chemical sputtering, 

which has been observed by measuring the water partial pressure in the plasma side during 

the PDP experiments (Fig.3.24 (d)). However, the XPS results indicate that the surface 

oxides would never be depleted completely under current experimental conditions (as shown 

in Fig.3.24 (c)), and as a result, the steady state PDP through these oxidized membranes is 

lower than a polished one. 

 

Figure 3.24 XPS results for (a) a polished surface, (b) a surface oxidized at ~450 ℃ by 

oxygen gas at ~1.3×10
-2

 Pa for 0.75 h, (c) a surface after 0.75 h oxidization 

and 3 h plasma exposure and (d) water partial pressure measurements at the 

plasma side in the PDP experiments for oxidized and clean samples, 

respectively.. 
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3.6.2.2. Surface area effects on PDP 

Shown in Fig. 3.25 (a) are the hydrogen PDP data taken from 1 mm thick F82H with 

polished and cone-covered surfaces at ~530 ℃. The surface morphologies by SEM for the 

polished and plasma-modified sample are shown in Fig. 3.25 (b) and Fig. 3.25 (c), 

respectively. Compared with the polished surface, the steady state PDP flux for the plasma 

modified surface has been found to decrease by a factor of ~1.7, indicating a surface area 

ratio of A1/A0= ~2.8. A similar effect was observed for deuterium PDP through stainless steel 

whose surface was modified by molybdenum-seeded plasma bombardment in PISCES [25]. 

 

Figure 3.25 (a) Hydrogen PDP behavior through F82H before and after cone 

formation. (b) The surface morphology by SEM for the polished sample 

and (c) the surface morphology by SEM for a plasma-modified sample. 

To further verify the area effects model proposed in Section 3.6.1.2, PDP experiments 

have been performed using samples with well controlled surface morphology. In these 

experiments, the electron density and temperature are around ~3.5 eV and ~1.2×10
10

 cm
-3

, 

respectively. A negative bias voltage of -100 V is applied. The sample membranes are heated 
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up to a steady state temperature of ~500 ℃ by resistive heater radiation and plasma 

bombardment.  

 

Figure 3.26 (a) A schematic diagram of the modified permeation sample 

membrane; (b) 3D figures observed by an optical microscope and (c) 

measured PDP fluxes as a function of the square root surface area. 
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Figure 3.26 (a) shows a schematic diagram of the surface-modified permeation 

membrane. The first 1 mm or 0.4 mm of the 5 mm thick F82H membrane is machined into 

V-shape grooves to increase the surface area. From the dimension measurements by a 

microscope (as shown in Fig. 3.26 (b)), the areas of the modified surfaces are measured to be 

larger by a factor of ~6.4 and ~3.2 than a flat one, respectively. The effective thickness of the 

modified sample membrane is between 4 and 5 mm. Equation (3.22) suggests that when 

plasma-driven permeation is in the RD limited regime, the steady state permeation flux is 

inversely proportional to the square root of surface area.  

Shown in Fig.3.26 (c) are the PDP flux measurement results. The measured steady state 

permeation flux has been found to be inversely proportional to the square root of surface area, 

which is in excellent agreement with the model prediction.  

 

3.7. Discussion  

3.7.1. Comparison of the PDP behavior for F82H and SUS304 

The vacuum chamber walls of most current fusion experimental devices are made by 

stainless steel. To allow a comparison, plasma-driven permeation through SUS304 has been 

studied as well.  Figure 3.27 shows the PDP fluxes through 1 mm thick F82H and SUS304 

membranes. For these experiments, the plasma density is of the order of 10
10

 cm
-3

, the 

electron temperature is ~3 eV and the net implantation flux is estimated to be around 5×10
15

 

H·cm
-2

·s
-1

. 

At ~220 ℃, the steady state permeation flux for F82H has been measured to be 2.2×10
13

 

H·cm
-2

·s
-1

, which is about one order of magnitude larger than that of SUS304. For diffusion-

limited hydrogen permeation, the steady state PDP flux is proportional to the diffusion 

coefficient D. The diffusion coefficient of F82H is about 3 orders of magnitude higher than 

that of stainless steel at ~220 ℃ [20]. Generally, the diffusion distance is of the order of √𝐷𝑡. 

Using the diffusion coefficient data, the diffusion distances are estimated to be 7.6 mm for 
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F82H and 0.1 mm for SUS304 at 220 ℃ in a time scale of 1.6×10
4
 s, the duration of the PDP 

experiments. 

 

Figure 3.27 Hydrogen PDP through 1 mm thick F82H and SUS304 

membranes. 

A transient peak has been observed for F82H in this experiment, reaching a maximum 

PDP flux of ~3.0×10
13

 H·cm
-2

·s
-1

. The transient peak was usually attributed to the following 

reasons: (1) changes in surface recombination coefficient due to sputtering or deposition of 

contaminations (e.g., Causey et al. [27]); (2) changes in surface recombination coefficient 

and diffusivity due to ion-induced surface defects (e.g., Winter et al. [36]). 

In the present work, the sample has been pre-conditioned by Ar-plasma, which means the 

surface is relatively “clean” before the PDP experiments. On the other hand, the incident 

energy is not high enough (<100 eV) to make significant damage to the sample. The transient 

peak may be due to the recombinative desorption of the residual hydrogen atoms together 

with those penetrating through the membrane, as shown in Fig. 3.28. After the residual 

hydrogen atoms are depleted, the permeation flux is decreased.  
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Such a behavior has not been found for SUS304, which has a much smaller hydrogen 

diffusion coefficient in this temperature range. The “residual atom-assisted” desorption 

process is not significant for the 1 mm thick SUS304 membrane at 220 ℃ because the 

arriving rate of the penetrating hydrogen atoms is too slow and the residual atoms may be 

released in a relatively mild way. 

 

Figure 3.28 A schematic diagram for the possible mechanism of the transient peak. 

3.7.2. Compound surface condition effects on PDP 

In Section 3.6, the surface contamination and surface area effects have been investigated 

separately. Notice that these two surface effects are independent on each other, which means 

these two effects may be multiplied. The surface area modified sample with 1 mm deep 

groove (shown in Fig. 3.26) has been oxidized at ~500 
o
C for 4.5 h and then exposed to 

hydrogen plasma again. The oxygen pressure is ~1.3×10
-2

 Pa. 
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Figure 3.29 The compound surface condition effects on PDP. 

Figure 3.29 shows that a further reduction of hydrogen permeation has been observed. 

The steady-state permeation flux has been found to be lower than that of the sample before 

oxidization by a factor of 1.4, which is in good agreement with the separate surface 

contamination effect experimental data shown in Fig. 3.23. Compared with the clean and 

polished surface, the overall permeation flux has been found to be reduced by a factor of ~3.2. 

3.7.3. Comparison of hydrogen PDP and GDP through F82H. 

Shown in Fig. 3.30 are the hydrogen PDP and GDP fluxes at ~500 
o
C through a 5 mm 

F82H membrane with a polished surface, measured in separate experiments. The hydrogen 

implantation flux and energy for PDP are 2×10
16

 H/cm
2
/s and 100 eV, respectively. The gas 

pressure for GDP is ~10
4
 Pa, which is relevant to the FLiBe breeder condition. It has been 

found that the steady state hydrogen permeation flux from GDP is overwhelmingly larger 

than that from PDP, which suggests that tritium may flow into the vacuum chamber by gas-

driven permeation and increase the first wall recycling. 

Using the data taken in the separate PDP and GDP experiments, the hydrogen recycling 

rate has been estimated to be R= 1.025. Assuming a first wall area of 3000 m
2
 for a large-
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scale DEMO reactor (the FFHRd1 case [18]), the uncontrollable gas fueling rate is to be 

~6×10
4
 Pa l/s, which is certainly not desirable from the point of view of achieving high-

confinement via plasma-wall boundary control, i.e. reduced edge particle recycling.  

However, it should be pointed out that the hydrogen gas pressure used in the GDP 

experiment is the equilibrium tritium partial pressures in FLiBe at 800 K, as shown in Fig. 

1.6. The actual tritium pressure would be related to the breeder flow rate, the tritium recovery 

rate and the breeder temperature, etc. Further details on this bi-directional issue are presented 

in Chapter 5 and Chapter 6. 

 

Figure 3.30 Hydrogen PDP and GDP behavior through a 5 mm thick 

F82H at ~500 
o
C. 
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3.8. Summary  

Gas- and plasma-driven permeation through a reduced activation steel alloy F82H has 

been investigated using a steady state laboratory-scale plasma device: VEHICLE-1. The 

hydrogen transport parameter data taken for SUS304 have been found to be in good 

agreement with the literature data, which means that the experimental setup on VEHICLE-1 

is valid for the evaluation of other first wall candidate materials. 

Hydrogen transport parameters like permeability, diffusion coefficient, Sieverts’ constant 

and recombination coefficient have been measured for F82H. Both GDP and PDP have been 

found to be diffusion-limited under all the conditions examined in the present study.  

The surface effects on hydrogen PDP have been investigated from two aspects: surface 

contamination and morphology. Thick surface impurity film has been found to act as a 

second layer for diffusion and reduce the permeation. A decrease in steady state permeation 

flux has been measured when increasing plasma-facing surface area, which is in agreement 

with the theoretical prediction, i.e., the steady state permeation flux is inversely proportional 

to the square root of surface area. Experiments indicate that the permeation flux can be 

further reduced by simultaneous surface oxidization and machining 

From these separate GDP and PDP experiments, one would expect that gas-driven 

permeation would dominate hydrogen isotopes transport through the first wall for blankets 

employing self-cooled breeders that exhibit relatively high dissociation pressures of tritium. 

Such tritium back-flow into the vacuum chamber may result in an unwanted increase in edge 

plasma density. When bi-directional PDP and GDP take place simultaneously, the 

permeation behavior may be affected by isotope effect as well (See section 2.3 in Chapter 2). 

Further investigation on the bi-directional permeation issue has been done and the results are 

presented in Chapter 5 and Chapter 6.   
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Plasma-driven permeation through 
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As presented in the previous chapter, hydrogen transport parameters like permeability, 

diffusion coefficient and surface recombination coefficient have been measured for F82H. 

Using this well-investigated material as a permeation probe, it’s possible to measure the 

incoming hydrogen flux to the first wall in a fusion device. Presented in this chapter are the 

results of the measurements using an F82H permeation probe in the QUEST spherical 

tokamak during conditioning steady state discharges heated with 2.45 GHz and 8.2 GHz 

electron cyclotron resonance (ECR). In these proof-of-principle experiments, the F82H 

permeation probe shows a good sensitivity to the variation of plasma parameters. 

 

4.1. QUEST spherical tokamak  

QUEST (Q-shu University Experiment with Steady State Spherical Tokamak, as shown 

in Fig 4.1) is a medium size spherical tokamak (ST) which aims to achieve the steady state 

operation of ST with the capability to attain high β rather than conventional tokamaks [1]. 

The major radius and the minor radius of QUEST are R = 0.68 m and a = 0.36-0.4 m, 

respectively [2]. 

 

Figure 4.1 The QUEST spherical tokamak [3]. 



81 

 

The vacuum chamber of QUEST is made of stainless steel 304 L with a wall thickness of 

8-12 mm. The chamber radius and height are ~1.4 m and ~2.8 m, respectively. The total 

surface area of the chamber wall is ~35.5 m
2
 and the volume is ~13 m

3
 including the 

extension ports. Outboard limiters made of tungsten are installed on the outside walls at a 

major radius of R = 1.35 m. Fuelling gas injectors are located at the outside wall and the 

center stack at the mid-plane. The pumping system for the QUEST chamber, which consists 

of a turbo-molecular pump and 3 cryopumps, has a pumping speed of 3.8 m
3
·s

-1
. Hydrogen 

plasmas are produced using ECR with three kinds of RF sources: 2.45 GHz, 8.2 GHz and 28 

GHz. 

 

4.2. Permeation experimental setup in QUEST 

In the present work, hydrogen plasma-driven permeation experiments have been 

performed for the low temperature, low density slab plasmas in discharge cleaning 

experiments using the 2.45 GHz and the 8.2 GHz sources. The slab plasma means plasmas 

produced in the electron cyclotron resonance region without poloidal field (i.e., no closed 

flux surfaces and the plasma current IP ≈ a few kA, as shown in Fig. 4.2). 

 

Figure 4.2 A plasma without closed flux surfaces in QUEST [2]. 
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Shown in Fig. 4.3 are a schematic diagram of the probe position and the PDP setup in 

QUEST. The permeation probe has been installed near the mid-plane and the permeation 

membrane is 35 mm away from the outboard wall in the radial direction (Fig. 4.3 (a)). A 

resistive heater is set behind the sample so that the membrane temperature can be kept in a 

range of 240-300 ℃. The temperature is measured by a thermocouple attached to the 

downstream surface. The hydrogen partial pressure is measured by a quadrupole mass 

spectrometer (QMS), which has been calibrated by a hydrogen standard leak, as shown in Fig. 

4.3(b). 

 

Figure 4.3  Schematic diagrams of (a) the permeation probe setup in QUEST 

and (b) the details of the permeation flux measurement system. 
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Samples made of F82H and SUS304 are prepared in the same dimensions as those 

commercially available conflat flanges with an outer diameter of 34 mm, except that a 

circular area of ~16 mm in diameter inside the knife-edge is machined down to thicknesses 

of 0.14 to 0.5 mm, as shown in Fig.4.4. The samples are also cut from the F82H plates used 

in the JFT-2M tokamak at JAERI (now JAEA) [4], i.e., the sample membranes for QUEST 

experiments are prepared in the same way as those used in VEHICLE-1. Assuming the surface 

conditions of all the samples are the same, the hydrogen transport parameters taken in 

laboratory experiments can be used to analyze the measurement results in QUEST. The 

stainless steel sample is used as a comparative reference. 

 

Figure 4.4  (a) The permeation probe with a flange-type sample 

membrane, (b) the dimension of the membrane, (c) a 

schematic view of the sample and (d) the downstream 

side of the sample membrane (with a copper gasket).  
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After the permeation experiments, the membrane surfaces are analyzed by energy 

dispersive X-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS). For XPS 

analysis, a 4 kV Ar+ gun is used to etch the sample surfaces so that the depth profile can be 

obtained. 

 

4.3. Results and discussion 

4.3.1. PDP through F82H and SUS304 membranes in QUEST 

Figure 4.5 shows the hydrogen PDP data through a 0.2 mm thick F82H membrane 

exposed to a wall conditioning 900 s discharge. The plasma is produced by the 2.45 GHz RF 

system with an input power of 7.5 kW and the toroidal filed coil current is kept at 17 kA. The 

steady state permeation flux for the F82H membrane has been measured to be ~2.4×10
13

 

H·cm
-2

·s
-1 

at ~270 ℃.  

 

Figure 4.5 Plasma-driven permeation through a 0.2 mm thick F82H 

membrane at a temperature around 270 ℃.  
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Shown in Fig.4.6 is a comparison of PDP behavior through 0.2 mm thick F82H and 0.14 

mm thick SUS304 membranes. It can be seen that the permeation flux through the F82H 

membrane can reach steady state within 100 s. For SUS304, in contrast the permeation flux 

keeps increasing during the discharge, not reaching the steady state.  

 

Figure 4.6 Comparison of PDP through F82H and SUS304 

membranes in 900 s discharges. 

Figure 4.7 shows the results of PDP through the SUS304 membrane in four continual 

discharges. The total exposure time is about 3600 s, but the permeation flux cannot reach 

steady state. These results are consistent with the experimental observation for the F82H and 

SUS304 membranes in VEHICLE-1, as presented in Section 3.7 of Chapter 3. 
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Figure 4.7 Plasma-driven permeation through a 0.14 mm 

thick SUS304 membrane in four continual 900 s 

discharges at ~290 ℃.  

As introduced in Section 2.2 of Chapter 2, three regimes are considered in the steady 

state plasma-driven permeation model, i.e., the diffusion-diffusion (DD) limited regime, the 

recombination-diffusion (RD) limited regime and the recombination-recombination (RR) 

limited regime. The rate controlling process can be characterized by the dimensionless 

parameter: 

1/2

0 ( )r

d
W

D
J K .                                                  (2.14)              

The diffusion and recombination coefficients for F82H have been calculated from the 

VEHICLE-1 data to be: 

4 0.14 [eV]
7.5 10 expD

kT

  
   

 
                                    (3.16) 
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and  

21 [ ]
4.8 10 ex

0.48 e
p(

V
)

kT
Kr

                                        (3.19) 

respectively. Table 4.1 shows the calculation results of W in the temperature range of the PDP 

experiments, which indicates that PDP through the F82H is in the RD-regime (d/L<W<1, 

where d is the implantation range and L is the membrane thickness. The surface conditions 

for the front surface and back surface are assumed to be the same.), i.e., recombination-

limited at the front surface and diffusion-limited inside the bulk. 

 

Using Eq. (3.13) and the diffusivity data for stainless steel [5], the diffusion distances 

√𝐷𝑡 have been estimated to be 1.9 mm for F82H and 0.019 mm for SUS304 in 900 s at 

290 ℃, which can explain their different permeation behavior shown in Fig. 4.6. The 

calculation result is also in agreement with the trend that hydrogen can transport faster in bcc 

 

Table 4.1   Calculation results of W at various temperatures 

Temperature 

(
o
C) 

D 

(cm
2
 s

-1
) 

Kr 

(cm
4
 s

-1
) 

W 

200 2.4×10
-5

 6.0×10
-16

 0.1016 

220 2.8×10
-5

 3.8×10
-16

 0.0696 

240 3.2×10
-5

 2.4×10
-16

 0.0491 

260 3.6×10
-5

 1.6×10
-16

 0.0356 

280 4.0×10
-5

 1.1×10
-16

 0.0264 

300 4.4×10
-5

 7.8×10
-17

 0.0200 
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metals (e.g., ferritic steels) than in fcc metals (e.g., SUS304) [6]. 

4.3.2. Effect of plasma heating power 

Shown in Fig.4.8 are the Hα intensity and permeation flux data for two 900 s discharges 

with different heating methods. The long-pulse plasmas are maintained by the 2.45 GHz RF 

source with a power of 4 kW. For shot #21446, additional 8.4 GHz ECR heating (25 kW, 0.4s 

width) is conducted throughout the discharge with a frequency of 0.1 Hz. Permeation flux 

measurements show that without 8.2 GHz RF heating, the steady-state PDP flux decreases by 

~13% for F82H. Due to the lack of plasma temperature and density data, the time-integrated 

Hα intensity (QHα) is used as a measure to estimate the particle flux to the wall (J0) [7]. 

 

Figure 4.8 PDP through a 0.5 mm thick F82H membrane w/ and w/o the 

8.2 GHz RF plasma heating source. 

Figure 4.9 shows the time-integrated Hα intensities and the PDP fluxes. At t=900 s, 

where t is the time, the value of (QHα)
1/2

 for shot #21446 is higher than that of shot #21447 by 

a factor of ~1.41, while the permeation flux (J+) ratio of the two discharges is ~1.13. Data 

roughly agree with the theoretical prediction for the permeation flux J+ [atom·cm
2
·s

-1
] when 
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plasma-driven permeation takes place in the RD-regime: 

0

r

D
J

L

J

K
    ,                                                       (2.16)              

i.e., the steady state permeation flux is proportional to the square root of the implantation 

flux. 

 

Figure 4.9 The time-integrated Hα intensities and PDP fluxes for the 

#21446 and #21447 shots. 

 

4.3.3. Diffusivity measurements for F82H from the PDP data taken in QUEST 

The diffusivity for hydrogen through a metal can be obtained either by fitting the 

transient permeation curve (see Eq. (3.11) in Chapter3) or by measuring the time lag tl=L
2
/6D 

[8] from the steady state permeation behavior. Figure 4.10 (a) and (b) shows the calculation 

examples for diffusion coefficient by the two methods, respectively. 
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Figure 4.10 Diffusion coefficient calculations (a) by fitting 

the transient permeation curve and (b) by 

measuring the time lag for the #21451 shot. 

Shown in Fig.4.11 are the effective diffusivity data measured for F82H in the PDP 

experiments in QUEST. The previous VEHICLE-1 data and Serra’s data [9] are shown for 

comparison. It has been found that the diffusion coefficients estimated from the QUEST data 
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are lower by a factor of 3 to 4 than those taken in VEHICLE-1, although the sample 

membranes are essentially the same.  

As presented in Section 3.6 of Chapter 3, hydrogen PDP has often been observed to be 

enhanced by surface contaminations because recombination release is suppressed by the 

presence of impurities. However, it is also true that if the contaminated layer becomes thick 

enough to act as a second layer for diffusion [10,11]. One possible reason for the lower 

measured diffusivity is that the membrane surface is contaminated during the PDP 

experiments in QUEST. The impurity layer with smaller hydrogen diffusion coefficient may 

act as a second layer for diffusion. 

 

Figure 4.11 Effective diffusivity measurements for F82H in 

QUEST. The previous VEHICLE-1 data and Serra’s 

data [9] are shown for a comparison. 

Figure 4.12 shows the surface analysis using X-ray photoelectron spectroscopy (XPS) 

for SUS304 and F82H membranes after the PDP experiments in QUEST. Impurities such as 

carbon, tungsten and oxygen have been detected on the membrane surface. Carbon 

deposition should be made during plasma exposures because contaminations from air 
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exposure can only affect the first several nm of the sample surface. Tungsten impurity should 

come from erosion and redeposition of the plasma-facing materials [12]. This conclusion can 

also be confirmed by the tungsten depth profile for SUS304, which does not contain any 

tungsten in the bulk.  

 

Figure 4.12 Surface composition analysis for (a) SUS304 

and (b) F82H membranes after the PDP 

experiments in QUEST. 

The thickness of the impurity layer on the F83H membrane has been estimated to be ~12 

nm by XPS. A membrane composed of two sheets of thicknesses L1, L2 and diffusion 

coefficients D1, D2 has an effective diffusion coefficient Deff, given by [13]: 
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1 1 2 2 eff/ / /L D L D L D                                                (4.1) 

where L is the total thickness of the membrane. Using the diffusion coefficient data for F82H 

from previous experiments [19], the hydrogen diffusion coefficient in the impurity layer has 

been estimated to be ~2×10
-10 

cm
2
s

-1
. This value is close to the hydrogen diffusion coefficient 

for tungsten measured in the same temperature range [14], but lower than that of graphite by 

several orders of magnitude [15].  

 

4.4. Summary  

Plasma-driven permeation (PDP) measurements have been conducted in the QUEST 

spherical tokamak for F82H and SUS304. A much shorter PDP breakthrough time and higher 

steady-state permeation flux have been found for F82H than SUS304. The F82H permeation 

probe shows a good sensitivity to the variation of plasma parameters. However, the permeation 

flux measurements may be affected by the surface impurities accumulated in plasma 

discharges.  
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Bi-directional hydrogen (H) permeation 

experiments and modeling 
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5.1. Introduction  

Separate plasma-driven permeation and gas-driven permeation experiments have been 

presented in Chapter 3 and Chapter 4. For the hydrogen isotopes permeation through the first 

wall, a fundamental materials science question that needs to be addressed is: can plasma-

driven and gas-driven permeation of hydrogen isotopes in the two counter directions actually 

take place under fusion reactor relevant conditions? Experiments and simulation studies have 

been done to answer the question. In this chapter, the data taken from the first-of-a-kind bi-

directional hydrogen PDP and GDP experiments and relevant DIFFUSE-code calculation are 

presented.  

 

5.2. Experimental methods 

Details of the experimental setup in the steady-state linearly-magnetized ECR-plasma 

facility: VEHICLE-1 have already been presented in Chapter 3. For completeness, some of 

the important features of the bi-directional experiments will be described in this section. 

Shown in Fig. 5.1 is a schematic diagram of the bi-directional permeation setup in 

VEHICLE-1. Different from the GDP setup shown in Fig 3.2, an orifice has been installed so 

that a quadrupole mass spectrometer (QMS) can measure the H2 partial pressure in the 

VEHICLE-1 main chamber within the operational pressure. F82H membranes are fixed in 

such a way that the upstream surface is exposed to hydrogen plasma, while the other side is 

exposed to hydrogen gas. The sample membrane can be heated up to >500 ℃ by plasma 

bombardment and heat from a heater. The plasma-facing side of the membrane is monitored 

by an optical spectrometer. The electron temperature is raised up to ~10 eV for the improved 

sensitivity of Hα spectroscopy. Under such experimental conditions, if the recycling 

condition of the membrane surface changes, variation in Hα intensity and hydrogen partial 

pressure are expected to be detected. At the gas side, the hydrogen gas pressure is measured 

by an absolute pressure gauge. 
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Figure 5.1  A schematic diagram of the bi-directional permeation setup in VEHICLE-1. 

 

5.3. Hydrogen gas-driven permeation into Ar and He plasmas 

As a first step to verify whether hydrogen would flow into the plasma side by gas-driven 

permeation through the first wall, experiments on hydrogen GDP into argon (Ar) and helium 

(He) background plasmas have been performed. 

Shown in Fig. 5.2 are the data taken by the QMS and the visible spectroscopy for GDP 

hydrogen that flows into the background Ar plasma at the membrane temperatures of ~540 

o
C and ~490 

o
C on the gas-facing and plasma-facing sides, respectively. The membrane is 

first exposed to Ar plasma. Then hydrogen with a pressure of 9.3×10
4
 Pa is introduced from a 

gas cylinder into the closed volume, indicated as the H2 gas side in Fig.5.1. After the Hα 

signal becomes stable, hydrogen is pump out again. The membrane thickness is 0.6 mm and 

the ion bombarding energy is set at 50V. 
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Figure 5.3 shows the flux and Hα intensity for GDP hydrogen that flows into the 

background He plasma at the membrane temperatures of ~580 
o
C and ~560 

o
C on the gas-

facing side and the plasma-facing side, respectively. The bias on the sample is set at 100V. 

This is to simulate the difference between H
+
 and He

2+
, the latter of which is the species 

likely to be seen in the edge of DT-burning plasmas. 

  

Figure 5.2  GDP flux and Hα-signal measured in the upstream Ar plasma side. 

 

Figure 5.3  GDP flux and Hα-signal measured in the upstream He plasma side. 
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Recognize that the hydrogen permeation flux from GDP and Hα signal nicely keep track 

of each other from the initial gas fill-in to the pump-out of hydrogen at the downstream side. 

The GDP hydrogen flow rate in this experiment has been estimated to be ~4×10
15 

H-

atoms/cm
2
/s for Ar background plasma and ~5.2×10

15 
H-atoms/cm

2
/s for He background 

plasma, respectively. These hydrogen permeation fluxes have been measured to be smaller 

than the value predicted using the hydrogen transport parameters measured for F82H in other 

experiments described in Chapter 3. The difference may be due to the measurement error 

and/or the radiation damage introduced by Ar/He ion bombardment, which has recently been 

observed for tungsten [1]. 

 

5.4. Hydrogen gas-driven permeation into hydrogen plasma side 

Employing the same experimental conditions as described in the previous section, GDP 

hydrogen has been identified in the upstream hydrogen plasma, as shown in Fig.5.4. In this 

case, the ion bombarding energy is set at 50 V. Also, the temperatures on the gas-facing and 

plasma-facing sides are ~580 
o
C and ~550 

o
C, respectively. Taking into account the ion 

species mix in the low temperature hydrogen plasma and the particle reflection at the plasma-

facing surface, the net implantation flux is estimated to be ~8.5×10
15

 H-atoms/cm
2
/s. 

Note that the PH2 and Hα signals keep track of each other, similar to those shown Fig. 5.2 

and Fig. 5.3. Also seen here is the initial transient kick-up, which is exhibited by both PH2 

and Hα, presumably due to ion-induced desorption or thermal desorption, although the detail 

is unclear at this point. The GDP hydrogen flow rate in this case has been evaluated to be 

about 9.9×10
15

 H-atoms/cm
2
/s, which is in excellent agreement with the value 9.5×10

15
 H-

atoms/cm
2
/s predicted by the GDP hydrogen transport model using parameters measured for 

F82H in other experiments shown in Chapter 3. 
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Figure 5.4 Hydrogen flux and Hα signals detected in the upstream hydrogen 

plasma in VEHICLE-1. The membrane thickness is 0.6 mm. 

Edge plasmas have been found to be affected by the hydrogen GDP backflow into the 

plasma side. Shown in Fig. 5.5 is bi-directional hydrogen permeation through a 1 mm thick 

F82H membrane at a temperature of ~570 ℃. The membrane is first exposed to hydrogen 

plasma, in which case only PDP takes place. Then hydrogen is introduced from a gas 

cylinder into the closed volume to a pressure of 10
5
 Pa. After the Hα signal becomes stable, 

hydrogen is pumped out again. Langmuir probe measurements are performed before and 

after introducing hydrogen into the GDP volume. The plasma density is found to increase 

from 4.4×10
9
 cm

-3
 to 5.7×10

9
 cm

-3
, while the electron temperature decreases from 11.5 eV to 

9.8 eV. These data indicate that GDP can take place in the opposite direction of PDP and 

increase in first wall recycling. 
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Figure 5.5 H2 partial pressure and Hα intensity measured in the upstream 

hydrogen plasma in VEHICLE-1. The membrane thickness is 1 mm. 

 

5.5. DIFFUSE-code calculation for the hydrogen GDP flow 

5.5.1. DIFFUSE-code  

The DIFFUSE-code [2] can predict the behavior of hydrogen PDP and GDP through a 

solid with trapping sites, solving numerically the following one-dimensional Fick’s diffusion 

equations as shown in Chapter 2: 

2

2

( , )( , ) ( , )
( ) ( , )   tC x tC x t C x t

D T G x t
t x t

 
  
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                                 (2.6) 
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




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
              (2.7) 

0( , ) ( ) ( , )e

t t tC x t C x C x t                                                                     (2.8) 

where C(x,t) and Ct(x,t) are the concentrations of mobile and trapped atoms as a function of 

position x and time t (See Section 2.1.3 in Chapter 2 for more details). 
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5.5.2. Input data and assumptions for the bi-directional permeation calculations 

To simulate the hydrogen bi-directional permeation behavior, the input data for 

DIFFUSE-code are the same as those set in the experiments, i.e., the membrane thickness is 

0.6 mm, the implantation flux from the plasma is 8.5×10
15

 H-atoms/cm
2
/s and the driving 

pressure for GDP is 9.3×10
4
 Pa, the temperatures on the gas-facing and plasma-facing sides 

are ~580 
o
C and ~550 

o
C, respectively. 

Also used as part of the code input is the information from the PDP and GDP process 

properties database [3], including diffusion coefficients, solubility, recombination constants, 

de-trapping energies, etc. for selected fusion reactor materials. Unfortunately F82H is not 

included in this database. It’s reasonable to use α-Fe as a surrogate of F82H in the present 

work because F82H is an iron-base alloy and its lattice structure is similar to that of α-Fe 

[4,5]. The recombination coefficients for F82H and α-Fe are close to each other at a 

temperature around 500 
o
C (See Fig. 3.19 in Chapter 3). The measured permeability data (as 

shown in Fig. 5.6), which is a combination of diffusivity and solubility, indicate the 

similarity of these two materials as well.   

 

Figure 5.6 A comparison of the permeability of F82H, α-Fe and stainless steel. The 

permeability data for α-Fe and stainless steel are from literature [3]. 
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5.5.3. Calculation results and discussion 

Shown in Fig. 5.7 and Fig. 5.8 are the results of the DIFFUSE code executed for 

hydrogen PDP and GDP through a 0.6 mm thick α-Fe membrane. Figure 5.7 shows the 

hydrogen release flux from the plasma-facing surface. In the first 100 s, only plasma is 

produced.  The hydrogen flux reaches ~8.5×10
15

 H-atoms/cm
2
/s (i.e. hydrogen recycling rate 

reaches ~100%) within one second. From 100 s to 300 s, hydrogen gas is introduced at the 

plasma downstream side. An extra steady-state release flux of 1.3×10
16

 H-atoms/cm
2
/s can be 

observed, suggesting GDP takes place in the opposite direction of PDP. The hydrogen gas 

driving GDP is pumped out from t = 300 s and the steady-state release flux is found to 

decrease to the initial value in the first 100 s. 

Although α-Fe is used as a surrogate of F82H for calculation, the estimated steady-state 

hydrogen GDP flux is relatively close to the experimental data (9.9×10
15

 H-atoms/cm
2
/s). 

These data mean the hydrogen recycling rate at the plasma-facing side of the membrane is 

larger than 1 under the experimental conditions examined in the present work. 

 

Figure 5.7 Hydrogen release flux from the plasma-facing surface. 
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Figure 5.8 shows the steady-state hydrogen concentration profiles for single plasma-

driven permeation and bi-directional permeation. As indicated in Chapter 3, hydrogen 

transport inside the membranes is diffusion-limited under the current experimental conditions, 

which means hydrogen transport will be driven by the concentration gradient inside the 

membrane. For PDP-only case, the net hydrogen flow will be towards the plasma 

downstream side. When GDP takes place, the direction of the hydrogen concentration 

gradient would be reversed and the overall hydrogen transport will be towards the plasma 

upstream side. 

 

 

Figure 5.8 Steady-state hydrogen concentration profiles for plasma-

driven permeation and bi-directional permeation. Note that 

the PDP hydrogen concentration profile has been enlarged 

by 1000 times. 
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5.6. Hydrogen plasma-driven permeation into hydrogen gas side 

Hydrogen PDP from the plasma side to the gas side has been investigated as well. The 

results shown in the previous section indicate a net hydrogen flow from the gas side to the 

plasma side in the bi-directional permeation experiments. That means the hydrogen gas 

pressure at the PDP downstream will keep decreasing due to the loss of hydrogen. Then the 

PDP signal may be picked up from the decreasing rate of hydrogen pressure at the 

downstream side of the membrane. The total remaining hydrogen particle numbers in a 

closed volume at time t are given as N1(t) and N2(t) for the cases with and without PDP as: 

0 GDP PDP 1( )  tN N J ts J ts N t                                    (5.1) 

  0 GDP 2( )tN N J ts N t                                                              (5.2) 

where N0 is the initial particle number, Nt is the number of particles trapped in the membrane, 

s is the surface area, JGDP and JPDP are the steady state GDP and PDP flux, respectively. The 

PDP flux can be evaluated by: 

1 2
PDP

( ) ( )1
( )
dN t dN t

J
s dt dt

                                                   (5.3) 

Based on the above idea, bi-directional hydrogen permeation experiments have been 

performed with and without a bias of -100 V onto the sample membrane. Our previous 

experiments indicate that hydrogen PDP flux is much higher when the bias is applied [6]. 

Here the PDP flow is assumed to be negligible when the bias is off, i.e., only GDP. If a PDP 

flow into the gas side actually exists in the bi-directional permeation process, the decreasing 

rate of hydrogen gas pressure at the downstream side should be smaller than that of the GDP-

only case. 

Hydrogen gas is introduced into a closed volume (PDP downstream) with an initial 

hydrogen gas pressure of ~6.93×10
4
 Pa. Figure 5.9 shows the time evolution of  hydrogen  
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Figure 5.9 Variation of hydrogen gas pressures measured by an absolute 

pressure gauge at the PDP downstream side. 

gas pressures for the two cases (i.e., w/ and w/o PDP). It can be seen that after the transient 

phases, both of the hydrogen pressures decrease, indicating hydrogen outflows to the plasma 

side. The difference in the two curves reflects the effect of PDP. 

Using Eq. (5.3) and the steady state portion of the curves shown in Fig.5.9, the PDP flux 

is estimated to be ~2.3×10
14

 H/cm
2
/s, which is about 30% higher than theoretical prediction 

for the steady state PDP flux in the recombination-diffusion limited regime: 

0
 

r

D
J

L

J

K
  ,                                                                (2.16)              

where J0 is the net implantation flux; L is the membrane thickness; D and Kr are the diffusion 

coefficient and surface recombination coefficient for F82H: 
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                                        (3.19) 

 

5.7. Summary 

The first-of-a-kind demonstration of hydrogen bi-directional plasma-driven permeation 

and gas-driven permeation has been performed. A one-dimensional code: DIFFUSE has been 

utilized to solve the hydrogen diffusion equations and the experimental observation has been 

successfully reproduced. 

Gas-driven permeation has been found to take place in the opposite direction of PDP 

when the hydrogen gas driving pressure is high. These data suggest that for blankets 

employing those breeders with high tritium equilibrium pressures, GDP may dominate the 

overall hydrogen transport process and increase in first wall recycling. A hydrogen flow from 

the plasma side to the gas side has also been identified.  

Unfortunately, at present deuterium cannot be used in our laboratory because of local 

regulation. For a fusion reactor, the edge plasma contains deuterium and tritium ions, 

suggesting that a clear understanding of the isotopes effects on the overall permeation 

behavior would be necessary for reactor design studies. This topic will be further discussed 

in the next chapter. 
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Chapter 6  

Bi-directional hydrogen isotopes (D/T) 

permeation through the first walls of 

fusion reactors  
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6.1. Introduction  

As mentioned earlier in this thesis, the first wall of a magnetic fusion reactor will be 

penetrated through by plasma-driven permeation of deuterium/tritium (D/T) from the edge 

plasma side, and by gas-driven permeation of tritium gas (T2) from the blanket side. Since 

the isotopes effects are involved in the permeation process, new questions would be raised: 

(1) will hydrogen isotopes in these two flows “recognize” each other; (2) if they will, what 

would the resultant flows be like?  

The modeling studies to address isotopes effects on bi-directional permeation are 

presented in this chapter. Based on all the data taken from experiments and calculations, case 

studies on hydrogen isotopes permeation through the first walls of magnetic fusion reactors 

have been performed. 

 

6.2. Isotopes effects on permeation 

Isotopes effects on hydrogen permeation have been briefly reviewed in section 2.3 of 

Chapter 2. In this section further details are discussed. Isotopes effects can be divided into 

two classes: intrinsic effects and synergistic effects [1]. The intrinsic effects are the 

differences in the transport properties of each of the individual isotopes, e.g., diffusivity. The 

synergistic effects involve the interaction of one isotope with another, i.e., the competition of 

the isotopes for traps and the coupling of various isotopes through the process of 

recombination. 

6.2.1. Diffusivity and solubility 

From the classical theory, the ratio of hydrogen isotopes diffusivities at a certain 

temperature is commonly inferred to be equivalent to the inverse ratio of the square root of 

the masses of the isotopes [2]: 
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T H

H T

D m

D m
                                                              (6.1) 

where D is the diffusivity and m is the mass of the respective isotope. Experimental data 

indicate that the inverse square root dependence on mass generally provides a reasonable 

approximation at elevated temperatures [2,3]. 

For the DIFFUSE-code calculation, the diffusion coefficient for the j
th

  diffusion species 

is given by [4]:  

0.5

0(T) exp( / )j j dD D M E kT                                            (6.2) 

where D0 is the pre-exponential for diffusivity, Ed is the activation energy for diffusion and 

Mj is the mass of the j
th

  species. The activation energy Ed is assumed to be the same for all 

the diffusion spices.  

The solubility (Sieverts’ constant) S for all the hydrogen isotopes is assumed to be the 

same: 

0 exp( )SU
S S

kT
  .                                                          (2.5) 

The above-mentioned classical diffusion theory can be derived by quantum theories from 

classical considerations. If the classical theory applies, the prefactor of the hydrogen jump 

frequency would show the classical isotope dependence [5]. On the other hand, the isotopes 

effects on activation energy are neglectable. Further discussion on this topic would be 

beyond the scope of the present work.  

6.2.2. Recombination coefficient 

A widely accepted form of the recombination coefficient for diatomic molecules is given 

by [4]: 
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
                                 (6.3) 

where c1 is the kinetic theory constant [6]; α is the sticking coefficient; ρ is the matrix density, 

S0 is the pre-factor of solubility; M is the mass of hydrogenic atoms; Uk is the activation energy 

for recombination and UK = UD-US when UD+US ≥ 0; and UK = -2US when UD+US < 0. 

Notice that the activation energy for recombination coefficient is related to the energy of 

diffusivity and the heat of solution, both of which do not show any observable isotopes 

effects [3,5].  

6.2.3. Competition of the isotopes for traps 

The third aspect of isotopes effect is the competition of the isotopes for traps. This 

process is described by the Eq. (2.20) given in Chapter 2: 

2

2

( , )( , ) ( , )
( ) ( , )   

ijj j

t
j j

i

C x tC x t C x t
D T G x t

t x t

 
  

  
                           (2.18) 

02

( , ) ( , ) ( , )
( ) ( , ) exp( / )   

ij j ei
ij it t

j t t

C x t C x t C x t
D T C x t U kT

t





  


              (2.19) 

0( , ) ( ) ( , )ei i ij

t t t

j

C x t C x C x t  ,                                                                 (2.20) 

where C
j
(x,t) and Ct

ij
(x,t) are the concentrations of mobile j

th
 species and trapped j

th
 species in 

the i
th

 trapping site; Dj is the diffusion coefficient of the j
th

 species; Gj(x,t) is the hydrogen 

implantation profile of the j
th

 species; Ut
i
 is the de-trapping energy of the i

th
 trapping site; 

Ct
0i

(x) and Ct
ei
(x) are the concentrations of intrinsic and empty i

th
 trapping sites, respectively. 

Although trapping sites introduced by neutron or energetic particle bombardment will not 

affect the steady state permeation behavior, the hydrogen isotopes retention would still be 

affected by trapping [4]. 
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6.3. Modeling of bi-directional permeation involving multiple hydrogen 

isotopes 

Presented in this section are some of the modeling results from DIFFUSE calculations to 

address isotopic effects on bi-directional permeation, which need to be verified 

experimentally, though. Simulating such complicated D/T-mixture conditions for bi-

directional permeation, the following two cases have been analyzed for comparison: 

Case-1: GDP-T2 flows from both the upstream and downstream surfaces; and 

Case-2: PDP-D/T and GDP-T2 flows from the upstream and downstream surfaces, 

respectively. 

Shown in Fig. 6.1 for Case-1 is the time evolution of the tritium concentration profiles by 

two GDP-T2 flows from both the surfaces of a membrane. The assumptions used for 

DIFFUSE calculations are such that the thickness of a membrane made of α-Fe is 5 mm, the 

GDP-T2 driving pressure is ~10
4
 Pa and the membrane temperature is 527 

o
C. An intrinsic 

trap density of 1% atomic fraction and a tapping energy of 0.62 eV are assumed [7]. 

 

Figure 6.1  Case-1: Time evolution of T-concentration profiles calculated by the 

DIFFUSE-code for bi-directional GDP-T2 from both surfaces, on 

which Sieverts’ law is employed as the common boundary condition. 
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Recognize that the tritium concentration profiles associated with these two GDP-T2 flows 

in the counter directions clearly interact with each other, exhibiting a relaxed curvature 

during the transient stage and then a straight line at steady state. Most interestingly here, the 

T-concentration gradient disappears at steady state, meaning that there is no net outflow of 

tritium to either side, indicating a quasi-thermodynamic “equilibrium” that permeation fluxes 

in the two directions are balanced. 

For Case-2, two isotopes (D/T) and their flows in the two opposite directions that are 

driven by two mechanisms (PDP and GDP) are considered, a rather complicated but reactor-

relevant situation. The input data for DIFFUSE are such that the thickness of a membrane 

made of α-Fe is 5 mm at a temperature of 527 
o
C, the D/T inflows from the upstream 

(plasma-facing) side are driven by PDP with D/T bombarding fluxes of 5×10
15 

D-

atoms/cm
2
/s and 5×10

15
 T-atoms/cm

2
/s at a bombarding energy of 100 eV, and the T inflow 

from the downstream (gas-facing) side is driven by GDP with a tritium gas pressure of 1 Pa. 

Again, an intrinsic trap density of 1% atomic fraction and a tapping energy of 0.62 eV are 

assumed. Recombination release and Sieverts’ law are employed as the boundary conditions 

for the plasma-facing side and the gas-facing side, respectively. 

 

Figure 6.2  Case-2: Time evolution of  D/T-concentration profiles calculated 

by the DIFFUSE-code for bi-directional PDP-D/T and GDP-T2 

from the upstream and downstream surfaces, respectively. 
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The time evolution of internal D/T concentrations calculated under these conditions is 

shown in Fig. 6.2. Here, note that T-concentration shows the sum of the contributions from 

the two flows: one is due to PDP and the other is due to GDP, whereas D-concentration is 

only due to the PDP flow.  

 

Figure 6.3 (a) D-permeation by PDP, (b) D-reemission by PDP and total T-outflow (i.e. 

reemission by PDP plus permeation by GDP) and (c) Net T-inflow from the 

downstream surface (i.e. absorption by GDP minus permeation by PDP). 

Here, u and d are the flows from the upstream and downstream surface, 

respectively. 
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As opposed to Case-1 shown in Fig. 6.1, one finds that there are clearly concentration 

gradients at steady state, indicative of diffusion-limited D/T flows. These D/T inflows and 

outflows are shown in Fig. 6.3.  

Because it is independence of other flows, the D-flow driven by PDP is most 

straightforward to understand in that one sees the permeation and reemission fluxes, 

respectively, in Fig. 6.3 (a) and Fig. 6.3 (b). As to the T-flows, each driven by PDP and GDP, 

note that the total outflow shown in Fig. 6.3 (b) is larger than D-reemission because of the 

contribution of permeation from the downstream side driven by GDP. In other words, the 

difference here is the diffusion-limited T-inflow from the downstream side by GDP-T2.  

Finally, the net T-inflow, shown in Fig. 6.3 (c), is equal to the absorption flux by GDP-T2 

from the downstream surface minus the permeation flux by PDP-D/T from the upstream 

surface. 

 

6.4. Re-evaluation of the tritium pressure in FLiBe blankets 

For the GDP experiments presented in Section 3.7.3, the hydrogen gas pressure is 

assumed to be the T2 equilibrium gas pressures in the breeders at a T concentration of 0.1 

ppm (i.e. ~10
4
 Pa at 527 

o
C). However, fusion reactor studies indicate that the T2 gas pressure 

in a blanket is related to a number of factors, e.g., fusion power, tritium breeding ratio, 

tritium recovery rate, structural material, temperature, flow rate of the breeder, etc. 

In previous studies, evaluation of the T2 gas pressure in the tritium loop was done by 

other researchers [8], assuming no T leakage from the first wall. Under these conditions, the 

pressure was found to be 10
3 

-10
4
 Pa, depending on the integration method of the tritium 

recovery system. Preliminary tritium analysis for the blanket employing FLiBe was 

performed as well [9]. In the presence of tritium permeation barrier, the T2 pressure varied 

from 5×10
3 

– 4.5×10
4
 Pa as a decrease of tritium recovery efficiency. To analyze the 
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hydrogen isotopes permeation through a bare first wall made by a reduced activation ferritic 

steel alloy, re-evaluation of the tritium pressure has been performed in the present work.  

The overall tritium balance in the loop is given by: 

1 2 3 4 5
T

i

M
J J J J J

t



    


                                     (6.4) 

where MT is the tritium inventory in the loop; J1 is the tritium production rate; J2 is the 

tritium flow towards the blanket by plasma-driven permeation; J3 is tritium leakage due to 

gas-driven permeation, including tritium leakage from the first wall (J3-wall) and the pipes (J3-

pipe); J4 is the extracted tritium by the tritium recovery system; J5 is the tritium leakage in the 

heat exchanger. Tritium decay is neglected in the present analysis. These flows are shown in 

a schematic diagram of the tritium loop as shown in Fig. 6.4. 

 

Figure 6.4 A schematic diagram of the tritium loop for a blanket employing 

FLiBe. The blue and red arrows indicate the source and sink terms 

in Eq. (6.4), respectively. 
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For the blanket of a 3 GW fusion reactor with a tritium breeding ratio (TBR) of 1.3 [10], 

the tritium breeding rate J1 is estimated to be 1.38×10
21

 T-atoms/s (6.89×10
-3 

g/s T); The 

hydrogenic ion implantation flux is assumed to be 1×10
16

 atoms/cm
2
/s (50% T and 50% D), 

which will lead to a steady state PDP flux of 1×10
13

 atoms/cm
2
/s , i.e., J2 = 2.5×10

-4 
g/s T for 

a plasma facing surface area of 1000 m
2
.  

For calculating the tritium leakage from the first wall by GDP, the total surface area of 

the blankets modules is 3000 m
2
 for a helical type reactor [10] and the wall thickness L is 5 

mm [11]. The permeation flow J3- wall is given by: 

2 2

3

T T

wall wal walll wall

wall wall

J DS
p p

L
PA A

L
                                 (6.5) 

where Awall is the blanket surface area; D and S are the diffusion coefficient and solubility, 

respectively; Pwall = DS is the permeability of hydrogen in the first wall material. 

Similarly, the tritium leakage from pipes and the heat exchanger (HX) by GDP are 

expressed as following: 

2

3 pipe

T

pipe pipe

pipe

J
p

A
L

P                                           (6.6) 

2

5

T

HHX X

HX

J
p

A
L

P                                                   (6.7) 

The tritium extracted by the tritium recovery system J4 is given by: 

4 o oJ FC FKp                                                    (6.8) 
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where χ is the tritium recovery rate; F is the flow rate of FLiBe; K is the tritium solubility 

constant for FLiBe; Co and po are the T2 concentration and pressure at the breeder outlet, 

respectively.  

The average T2 pressure pa driving GDP through the first wall is assumed to be the 

average of outlet pressure po and inlet pressure pi. In the present study, the coolant pipes 

material and the heat exchanger material are assumed to be stainless steel and tungsten, 

respectively. The permeability data of these materials are available from literatures [12,13]. 

The other input data for the calculation are as follows: the FLiBe flow rate is 2.2×10
6
 m

3
/s; 

the tritium solubility is 5.3×10
-13

 wt fraction/Pa [14]; the tritium recovery efficiency is 0.99; 

the surface area and thickness data for the coolant pipes and heat exchanger are the same as 

those used in literature [9]. 

Solving Eq. (6.4) for a steady state condition, the tritium pressure has been found to be 

~1.1×10
3
 Pa, which is only ~10% of the tritium equilibrium pressure in FLiBe is only ~10% 

of the estimated T2 equilibrium pressure in FLiBe at a T concentration of 0.1 ppm at 527 
o
C. 

Under these conditions, ~4.7 ×10
-3

 g/s T will be released from the first wall by gas-driven 

permeation, which means ~68% of the bred tritium will be released back to the plasma side. 

 

6.5. Re-evaluation of hydrogen isotopes permeation through the first wall 

of FLiBe blankets 

6.5.1. Evaluation of the hydrogen isotopes permeation fluxes 

For magnetic fusion reactors, the first wall serves to separate the vacuum/plasma and the 

coolant/breeder at elevated temperatures, whereby hydrogen isotopes flow in and out in the 

two opposite directions simultaneously through the first wall. Using the tritium partial 

pressure data shown in previous section, hydrogen isotopes permeation through the first wall 

of FLiBe blankets has been re-evaluated by DIFFUSE-code as well. 



122 

 

The input data for DIFFUSE calculation are as follows: the first wall thicknesses are 

assumed to be 5 mm and the implanted hydrogenic fluxes (D/T) at the plasma-facing side are 

assumed to be 1×10
16 

atoms/cm
2
/s (5×10

15 
D -atoms/cm

2
/s and 5×10

15
 T-atoms/cm

2
/s) with a 

bombarding energy of 100 eV. At the blanket side, the tritium gas pressure is 1.1×10
3
 Pa. 

The first wall temperature is assumed to be the average temperature of the inlet (500 
o
C) and 

outlet (600 
o
C) coolant temperatures. The trap density and tapping energy data are the same 

as the previous calculation. 

Figure 6.5 shows the time evolution of the tritium and deuterium concentration profiles 

calculated by the DIFFUSE-code. Recognize that the T-concentration profile reflects two 

contributions: one by PDP from the upstream surface and the other by GDP from the 

downstream surface, whereas the D-concentration profile is only due to PDP. Here, note that 

the D concentration shown in Fig. 6.5 is enlarged by 100 times. The actual T concentration at 

the plasma-facing surface (depth ≈ 0) is larger than that of D. 

 

Figure 6.5 D/T-concentration profiles calculated by the DIFFUSE-code for bi-

directional PDP-D/T and GDP-T2 from the plasma-facing and 

breeder-facing surfaces, respectively. 
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Figure 6.6 D/T release fluxes at the plasma-facing surface calculated by the 

DIFFUSE-code for bi-directional PDP-D/T and GDP-T2. The total T 

flux is composed of the re-emission flux of the implanted T and the 

GDP-T from the blanket side. 

 

Figure 6.6 shows the D and T release fluxes at the plasma-facing surface calculated by 

the DIFFUSE-code. The difference in T and D fluxes is mainly due to the T-GDP from the 

blanket side. The T-GDP flux is about 1.2×10
14

 T-atoms/cm
2
/s, which is 0.6% of the total 

incident flux. These data indicate that the hydrogen recycling rate at the plasma-facing 

surface would be > 100%, which will affect the edge plasma density control. Coating as a 

hydrogen isotopes permeation barrier would be necessary. However, the quality control of 

the coating would pose another technical issue because of the large surface area (several 

thousand m
2
). Note that the D flow appears to be independent of these tritium flows, driven 
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by its own concentration gradient in all the conditions examined in this work. That means 

isotopes separation would be necessary in the tritium recovery loop.  

6.5.2. Evaluation of the possible impact of GDP on first wall recycling 

Taking into hydrogen isotopes permeation into account, the first wall recycling rate R is 

defined as: 

reflection re emission GDP

plasma

R
  



 
 ,                                        (6.9) 

where Γplasma is the total incident ion flux from edge plasma; Γreflection is the particle flux by 

surface reflection; Γre-emission is the particle flux by remission and ΓGDP is the steady state 

plasma- gas-driven permeation flux. The flux relation is shown in Fig. 6.7. 

 

Figure 6.7 A schematic diagram of the fluxes involved in the 

bi-directional hydrogen isotopes permeation. 
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Experimental data (Fig. 3.30) indicate that the GDP permeation flux can be 

overwhelmingly larger than that of the PDP flux. In the particular case, the first wall recycling 

rate can be as high as R = 1.025. Notice that this result is based on the assumption that the 

GDP driving pressure is 10
4
 Pa, which will not be realistic according to the analysis results 

shown in section 6.4.  

The first wall recycling rate can be re-evaluated using the newly obtained flux data from 

DIFFUSE. Assuming a particle reflection coefficient of 0.5 and a wall flux of Γplasma = 1×10
16

 

atoms/cm
2
/s, the total incident flux would be 2×10

16
 D&T·cm

-2
·s

-1
 and the first wall 

recycling rate has been estimated to be R= 1.006. 

 

6.6. Summary 

To simulate more reactor-relevant conditions, the DIFFUSE-code has extensively been 

executed, employing multiple hydrogen isotopes (D/T) for bi-directional permeation. Results 

indicate that the same isotopic species in the counter flows interact with each other, affecting 

internal concentration profiles, whereby the resultant inflow and outflow from the upstream 

and downstream surfaces are modified in an interesting manner. Nevertheless, all these 

theoretical predictions should be experimentally verified. 

Re-analysis of the tritium flows in a FLiBe loop has been conducted, taking into account 

tritium leakage from the first wall. The tritium pressure has been found to be 1.1×10
3
 Pa, 

which is only ~10% of the tritium equilibrium pressure in FLiBe at a temperature of 527 
o
C. 

Under these conditions, ~68% of the bred tritium will be released at the plasma side by GDP 

and the first wall recycling rate has been estimated to be R= 1.006. 
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7.1. Summary  

The first wall is defined as the plasma-facing surfaces of the blanket units, whereby 

hydrogen isotopes flow in and out in the two opposite directions simultaneously through the 

first wall: in one direction by plasma-driven permeation (PDP) and in the other direction by 

gas-driven permeation (GDP). In this PhD thesis work, hydrogen isotopes permeation 

behavior through the first wall of a magnetic fusion power reactor has been studied. 

A laboratory-scale plasma device (VEHICLE-1) has been installed with an experimental 

setup for bi-directional hydrogen permeation by PDP and GDP under conditions to be seen in 

the first wall environment. The hydrogen transport parameter data taken for SUS304 have 

been found to be in good agreement with the literature data, which means that the 

experimental setup on VEHICLE-1 is valid for the evaluation of other first wall candidate 

materials.  

Both GDP and PDP of hydrogen through F82H have been found to be diffusion-limited 

under all the experimental conditions examined in this work. The hydrogen transport 

parameters such as permeability, solubility and diffusion coefficient have been evaluated for 

F82H from the GDP data. The recombination coefficient of hydrogen on a ferritic steel alloy 

has been experimentally evaluated from the PDP data for the first time.  

The surface effects on hydrogen PDP have been investigated from two aspects: surface 

contamination and surface area. A new model has been proposed to interpret the surface 

condition effects. Thick surface impurity film (tens of µm) has been found to act as a second 

layer for diffusion and reduce the permeation flux. The steady state permeation flux has been 

found to be inversely proportional to the square root of surface area. Combined surface 

condition effects have been observed when the surface area-increased sample is oxidized. 

A one-dimensional diffusion code: DIFFUSE-code has extensively been executed, 

employing multiple hydrogen isotopes (D/T) for bi-directional permeation. Results indicate 

that the same isotopic species interact with each other in the two counter flows. Deuterium 
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flow appears to be independent of these tritium flows, driven by its own concentration 

gradient.  

Re-analysis of the tritium flows in a FLiBe loop has been performed, taking into account 

tritium leakage from the first wall. The tritium pressure has been found to be 1.1×10
3
 Pa. 

Under these conditions, the first wall recycling rate has been estimated to be 1.006. 

 

7.2. Outlook 

This PhD thesis work has established some fundamental knowledge databases for fusion 

reactor design, which makes a contribution to magnetic fusion research in the field of fusion 

engineering. Using the data and methods presented in this thesis, it is possible to analyze 

hydrogen isotopes permeation behavior through the first walls under some of the reactor-

relevant conditions.  

For more precise evaluation of the hydrogen isotopes permeation flows through the first 

wall of a fusion reactor, more efforts are still required on this subject. Listed here are two 

aspects which warrant further investigation: 

(1) Experimental validation of the bi-directional permeation behavior of multiple 

hydrogen isotopes. DIFFUSE-code calculations have been done to address isotopic effects on 

bi-directional permeation, which need to be verified experimentally. Unfortunately, only 

hydrogen can be used in the present experiments because of the local regulation. If deuterium 

is usable, the modeling results should be examined by experiments. 

(2) The wetting effects of breeder on hydrogen isotopes permeation. For self-cooled 

molten salt and liquid metal breeders, the blanket-facing side of the first wall will be 

completely wetted by liquid. Under such conditions, the validity of Sieverts’ law must be 

examined because most permeation studies for blanket structure materials are based on the 

assumption that hydrogen isotopes will arrive at the first wall in a molecular form. 
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