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Topic 1: Plasma Chamber and Tritium Behavior

We are trying to address:
“T retention issues associated with high neutron fluence, 
high Twall permeation not fully addressed in ITER”
with linear plasma device and irradiated materials. 
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Motivation: Tritium behavior and IAEA
• Why INL is investigating tritium behavior (tritium retention and permeation):

1) Tritium retention is one of the major concerns for fusion safety
• Tritium transport database determines both tritium retention and permeation in safety analysis
• IAEA CRP on “Hydrogen Permeation in Fusion-Relevant Materials (2020-2025)” (F43025)

2) H/D/T transport database in fusion materials with tritium-exposed and low-activation materials
• INL’s experimental capabilities for tritium-exposed and low-activation (e.g. neutron-irradiated) materials

− H/D/T permeation systems (SGAP and TGAP) to to measure H/D diffusivity, solubility, surface 
dissociation/recombination coefficients, and also T diffusivity and solubility

− Linear plasma device (TPE) to study PMI in neutron-irradiated materials and measure detrapping energy and 
trap density in low-activation materials

• IAEA CRP on “Plasma-wall Interaction with Irradiated W and W Alloys in Fusion Devices (2013-2018)” (F43021)
3) Development of analytical/computational tools (e.g. MELCOR-TMAP and TMAP) for safety analysis

• Integration of TMAP (Tritium Migration Analysis Program) capability in MECLOR-fusion (1.8.6) è MELCOR-TMAP
• Development of TMAP8 (new version of TMAP is based on MOOSE, which is extremely flexible environment that 

permits the solution of coupled physics problems of varying size and dimensionality)
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Motivation: H(T) retention studies
• Safety concern and impact to PFC material choice

− Minimize tritium in-vessel inventory in D-T fusion systems
• Allowable tritium in-vessel components inventory limit 1kg in in-vessel components [1]:

− The maximum retention in the in-vessel components is set at 700 g with:
• 120 g of T trapped on the divertor cryopumps and 
• 180 g of measurement uncertainty

− Tritium (T) retention has a major impact on PFC material selection 
• T retention was a major factor to exclude CFC from ITER [2]
• Tungsten (W) and W alloys are candidate material for solid PFC option for DEMO & FPP.

• Challenge for achieving self sustainable T fuel cycle
− Effect on tritium breeding ratio [3]

• Probability of permanently trapped tritium in W needs to be below 10-6 to reach tritium 
breeding ratio (TBR) of TBR> 1.05

• Research gaps in T retention
− Incident D/T ion fluence above 1028 m-2 (up to 1031 m-2 ) e.g 4x1026 m-2 = 1kg(T) m-2

− Effect of impurity (e.g. helium, nitrogen)
− Effect of mixed materials in net deposition region
− Radiation damage above 1 dpa (up to 10-20 dpa) with fusion neutron spectrum
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Key questions for tritium retention in tungsten
1) T retention behavior at high ion fluence above 1026 m-2

− 2010 MIT report (ITPA SOL/divertor group) suggested saturation [1]
• Collected D retention data around 500K from 1023 to 1027 m-2 ion fluence
• Suggested the possibility of saturation in retention above 1026 m-2

− 2016 PISCES-B study suggests the increase with square root of time [2]
• Explored D retention data at 640K from 7x1025 to 2x1028 m-2 ion fluence
• Suggested that D retention increases as the square root of time (~t0.5)
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2) Effect of neutron induced radiation damage
− Tritium migrates into bulk PFC and can be trapped in radiation damages created by 14MeV neutrons
− Trapping effects in radiation damage plays a major role in tritium transport in tungsten due to low tritium solubility
− Concern for “deep T migration and trapping in neutron-irradiated tungsten”

3) Effect of impurities (e.g. He, N, Ar etc.)
− Formation of He bubble layers reduced D retention

• 5% He-D plasma reduces D retention to detection limit of 1018 m-2 [2]
• (1-5%)He - D plasma reduces D retention by 2 order of magnitudes [3]

− N and Ar impurities can lead to higher D retention
• Nitrogen enriched layer, in contrast, serves as a desorption barrier for D atoms and increases D retention [4]

Ref: A. Kreter et al,, NF 59 (2019) 086029 



Research approach: tritium retention with neutron irradiated PFC
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• Leverages US-Japan collaboration to perform neutron irradiation
− Fission neuron is suitted to study irradiation effects in tungsten

• Tungsten has low He production rate (~0.1 appm/dpa) & activation products has short half-life, t1/2= (70-80) days 
− Use of available fission reactor (e.g. High Flux Isotope Reactor - HFIR).

• Relatively high-flux fast neutron (>0.1 MeV) available to simulate neutron damage with similar dpa rate (10-7 dpa/s) to fusion
• High-flux thermal neutron accelerates solid transmutation and increases activation 

− Use of thermal neutron-shielding (e.g. cadmium or gadolinium)
• To minimize thermal neutron and simulate fast fusion neutron spectrum. 
• Successful thermal neutron shielded irradiation (RB-19J) carried out under PHENIX (2013-2019)

− Use of linear plasma device to study sequential neutron-plasma irradiation. 
• TPE can handle tritium and neutron-irradiated material.

• Experimental approach with small samples (6mm OD 0.5mm thick discs)
− Neutron-irradiation at HFIR, ORNL
− D/He plasma exposure at TPE, INL
− D/He thermal desorption spectroscopy,
− Nuclear Reaction Analysis for D depth profile

• Modeling approach
− (Low fidelity) 1D reaction-diffusion modeling with TMAP (Tritium Migration Analysis Program) 
− Simulate T implantation and desorption behavior in tungsten to derive Ebin and ntrap

Ref: Y. Katoh et al, PHENIX SCM
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Neutron irradiation at HFIR
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• Experimental condition in HFIR, ORNL
− Out-of-pile (rabbit) irradiation or in-pile (e.g. RB*) irradiation with inert gas
− Displacement damage rate (~10-7 dpa/s) in fission, similar in fusion reactor

• 1 dpa/year (at RB*) and up to 5 dpa/year (at flux trap) in HFIR
• ~24.5 days/cycle, ~6 cycles/year in HFIR

• Challenges in fission reactor irradiation
− Accelerated solid transmutation rate in mixed spectrum reactor (e.g. HFIR)

• Higher solid transmutation rate [1]
− Re production rate of ~8.4% in first 1 dpa in HFIR flux trap [1]
− Re production rate of ~1.1% in first 2 dpa in W PFC divertor [2]

• Effect of solid transmutation (Re and Os) in H retention
− Re is known to reduce H retention in W, might be underestimating H retention
− Changes in elemental composition affects thermo-mechanical properties and 

H transport properties (diffusivity and solubility)
− Potential surface contamination and effect on H diffusion

• During handling materials at hot cell
• Inner-diffusion of surrounding material at elevated temperature at long irradiation

− Sequential irradiation (e.g. neutron irradiation è plasma exposure)



Materials and irradiation condition of < 1 dpa neutron-irradiated tungsten

• Material and heat treatment
− PCW: Polycrystalline, Stress-relieved (1 h@900 °C in H2 + 0.5 h@900 °C in vacuum) 99.99 wt.% (A.L.M.T., Japan)
− SCW: Single-crystal [110] (0.5 h@900 °C in vacuum)  99.99 wt.%
− W-3Re: 3%Re/W (prepared by Tohoku U.)  and W-5Re: 5%Re/W (prepared by U. of Toyama) 
− UFG-W: Ultra fine grained (1.1% TiC)

• Microstructure: loop & void, precipitate & void
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TITAN (2007-2013) irradiation
PHENIX (2013-2019) irradiation

Ref: 
J. Marian et al., Nucl. Fusion 57 (2017) 092008 
X. Hu et al., J. Nucl. Mater. 480 (2016) 235 
A. Hasegawa et al,, Fus. Eng. Des. 89 (2014) 1568 



Plasma exposure at Tritium Plasma Experiment (TPE), INL

• TPE is located at Safety and Tritium Applied Research (STAR) facility, INL
− STAR facility is (DOE less than Hazard Category 3) radiological facility
− Tritium handling up to 1.6 gram (15,390 Ci)
− Radioactive material handling up to < 1 mSv/hr (100 mrem/hr) at 30 cm
− Use of a inert-gas glovebox and/or ventilated enclosure for T and rad. containment

• TPE is a unique linear plasma device in the followings: 
− Tritium plasma (< 500 Ci per discharge), 
− Divertor-relevant high-flux plasma (>1022 m-2s-1) , 
− Moderately radioactive (< 1 mSr/hr @ 30 cm) materials

• Installation of new plasma source (2017)
− New design based on UCSD PISCES-A source

• Minimized impurities (e.g. C) in plasma
• Increased plasma performance and availability

• Typical D plasma conditions for this study
− Te = 6-8 eV
− ne =  (0.5-1.2)x1018 m-3

− 𝜞i = (0.5-1.2)x1022 m-3

− ED+ = (95-100) eV by biasing the sample to -100V
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New plasma source

Optical Spectroscopy
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TMAP simulation on thermal desorption from 0.1dpa SCW
• 2 samples (A and B) were exposed to similar ion fluence of 5.0 x 1025 D m-2 at 3 temp.

− A-samples (TPE-TDS study) :TDS (10 K/min to 1173K) were performed at INL within 24 hours from D plasma exposure
− B-samples (TPE-NRA study): NRA (up to 3 micron) were performed at SNL-NM within 30 days from D plasma exposure

• Simulate with the assumption of uniform trap concentration with NRA measured D/W ratio
• Similar incident flux reduction factor (10-1 - 10-2) is required to fit experimental TDS spectrum

− PISCES study uses 10-4 for incident flux of 1022 m-2s-1 è Model overpredicts T retention (x10-104) without this factor.

Ref: M. Baldwin et al,, Nucl. Fusion 57 (2017) 076031 
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High binding energy in neutron-induced radiation damage
• Definitions

− Detrapping energy: Edet [eV] = Ebin + Ed

− Biding energy: Ebin [eV]
− Activation energy for H diffusion in W: Ed [eV]

• Ed = 0.39  eV 

• O.V. Ogorodnikova, J. Appl. Phys. 2015
− Dislocations: 0.4 ≤ Ebin [eV] ≤ 0.8
− Vacancy: 0.8 ≤ Ebin [eV] ≤ 1.4
− Vacancy cluster: 1.4 ≤ Ebin [eV] ≤ 2.2
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by comparison of the first-principle calculations and calcula-
tions by other theoretical models with experimental values.
Such comparison can provide an answer on one of important
questions, namely, which type of trap corresponds to certain
deuterium binding energy.

In the past, effective-medium theory (EMT) has been
successfully used to examine H trapping at vacancies and
pores. The main concept behind the EMT is an embedding
function which gives the energy to insert an initially isolated
H atom at a particular site in terms of the unperturbed local
electron density at that site before inserting the atom.22,23

The more open is the defect, the higher is the binding energy
of H with this defect. This means that vacancy traps H more
strongly than dislocation strain fields but less strongly than
voids.24 Maximum binding enthalpy of H can be achieved
by trapping of H atom at a void. Multiple H occupancy of
the mono-vacancy in Ni, Fe, Pd, Cu, and Mo up to six H
atoms was predicted by the EMT in Ref. 25. The first two
atoms are bound more strongly and the remaining four atoms
weakly bound because of H-H repulsion. The binding enthal-
pies of vacancies and voids calculated by the EMT are gen-
erally in a good agreement with experimental values
measured by TDS,1 ion-beam analysis,26 or the perturbed
angular correlation measurements (PAC)27 at low H occu-
pancy. Since the binding energy of hydrogen to an internal
cavity (i.e., pore or vacancy cluster) is similar to measured
enthalpy of a chemisorption onto external surfaces relative
to hydrogen in a solution site, the mechanism of H isotope
trapping in a large VC was proposed in Ref. 28 to be similar
to a chemisorption on a surface. According to “adsorption
model” suggested in Ref. 28, the binding energy of ith H iso-
tope with VC can be estimated as Ebi¼ jQi

cjþ jQi
sj, where

Qs
i and Qc

i are heats of solution and chemisorption of ith H
isotope, respectively. Schematic potential energy diagram
for hydrogen chemisorption, solution and trapping at differ-
ent trapping sites is shown in Fig. 6 with indication of activa-
tion barriers, i.e., surface barrier of Ec, activation barrier of
Es for H jumping from the chemisorption state to the bulk
and diffusion barrier of Em, and heats of chemisorption and
solution of Qc and Qs, respectively. The binding energies
with different types of defects are also shown. The binding
energy of H isotope with a vacancy can be estimated
as Ebi¼ (jQi

cjþ jQi
sj)/2. The Qs¼ 1.04 eV was taken from

Ref. 21 for hydrogen and Qc can be varied from 0.76 to
1.05 eV as it was measured in Refs. 29–32. Therefore, the
binding energy of H with a mono-vacancy can be estimated
to be between 0.9 eV and 1.05 eV and the binding energy of
H with vacancy clusters with fv> 4 is 1.8–2.1 eV. The prob-
lem of such estimation is that Qc changes with surface cover-
age, metal cleaning, steps, and strongly depends on the W
face.33–35 The estimated binding energy of H with a vacancy
cluster increases with increasing the size of VC as shown in
Fig. 7. Two estimations were done for minimum Qc of
1.05 eV and maximum Qc of 0.76 eV. The heat of chemisorp-
tion of Qc¼ 0.76 eV is likely due to high surface coverage.
The accuracy of such estimation of binding energies in
Fig. 7 depends on the accuracy of the heat of chemisorption,
Qc, and should be used with caution. The calculated binding
energies by EMT in Ref. 26 and experimentally defined
by PAC in Ref. 27 and by TDS in Ref. 1 are also shown in
Fig. 7 and are in a reasonable agreement with the estimated
binding energy of H with a vacancy using semi-empirical
“adsorption model” with Qc at low surface coverage.

Density function theory (DFT) calculations predict that
vacancy can store between 6 and perhaps 12 H atoms. The
binding energy of H with a vacancy decreases with increas-
ing the number of H atoms in the vacancy, fv,

36 in analogy
with decreasing the heat of chemisorption jQcj with fv.

33–35

Fig. 8 shows the dependence of the binding energy of H with
a vacancy on the number of H in the vacancy calculated by
DFT in Refs. 36–38 and using the “adsorption model”28 with
Qc¼ 1.05 eV.31

Binding energies of H with a vacancy obtained in Refs.
36 and 38 are nearly the same. The first and second H atoms
have almost the same binding energies, indicating that the
two H atoms influence little each other. The third and fourth
H atoms have smaller binding energies due to mutual repul-
sion of the H atoms in the cluster. Further decrease in the
binding energy of the fifth and sixth H atoms in the vacancy
was calculated in Refs. 36 and 38. Binding energies for
calculations without zero-point-energy corrections (ZPE) are
lower than with ZPE. Slightly smaller binding energy of
the D with a vacancy up to three H atoms was obtained in

FIG. 6. Schematic potential energy diagram for hydrogen chemisorption,
solution, and trapping at different trapping sites.

FIG. 7. The estimated binding energy of H as a function of the number of
vacancies in a vacancy cluster. The accuracy of the estimated binding energy
depends on the accuracy of the measurement of the heat of chemisorption,
Qc. The experimental data from TDS (Ref. 1) and PAC (Ref. 27) and calcu-
lated binding energy of H with a vacancy using EMT (Ref. 26) are also pre-
sented for a comparison.

074902-6 O. V. Ogorodnikova J. Appl. Phys. 118, 074902 (2015)

Ref. 37 compared to Refs. 36 and 38, while the fourth H
atom in Ref. 37 has sufficiently smaller binding energy with
a vacancy and fifth H atom in Ref. 37 has slightly higher
binding energy with a vacancy compared to Refs. 36 and 38.
Calculations using the “adsorption model” show that the H
binding energy with a vacancy is the same up to three
H atoms and decreases gradually with increasing the number
of H in the vacancy down to the binding energy of
Eb¼ (jQcj/2þ jQsj)/2. Binding energies of two first H atoms
with a vacancy calculated using the “adsorption model” are
smaller compared to DFT calculations reported in Refs.
36–38. Binding energies of third, fourth, and fifth H with the
vacancy calculated by the “adsorption model” and by DFT
in Refs. 36 and 38 without ZPE are very similar and binding
energy of the sixth H atom is higher in the case of using
“adsorption model” compared to DFT without ZPE. DFT
calculations corrected with ZPE in Refs. 36 and 38 overesti-
mate the binding enthalpy compared to both “adsorption
model” and embedded atom method (EMT)26 as well as
experimental data reported in Refs. 1–4, 12–14, and 27.

Recent DTF calculations39 show that several H can be
trapped by screw dislocation with decreasing the binding
energy when the number of H, fdis, trapped by this disloca-
tion, increases. Fig. 9 summarizes the binding energy of H
with different defects. As it was mentioned above, the

vacancy cluster traps H atom strongly than mono-vacancy,
while dislocation is the weaker trapping site for H compared
to vacancy. However, considering the multiple occupation of
defects, the binding energy of first H atom with dislocation
is nearly the same as the binding energy of 6th H atom with
vacancy calculated by DFT without ZPE. Fig. 10 shows
fine spectrum of H binding energy with different types of
defects according to DFT calculations without and with
ZPE (Refs. 36–39) and calculated H binding energies in a
vacancy using “adsorption model” in comparison with the
rate equation modelling of experimental TDS data in
assumption of single binding energy of deuterium with each
defect.1,4,12–14

Obviously, there are many trapping centres for D with
closer binging energies existing in W. However, the contri-
bution of each type of defects in the D retention can be
significant or negligible depending on (i) the density of the
each defect type and (ii) the temperature of the sample under
the D plasma exposure at fixed ion flux and ion energy. In
other words, which desorption peaks will be observed exper-
imentally by TDS depend on (i) which defects have high
density and (ii) the sample temperature under the plasma
exposure. The ratio of the density of each defect to the
total density depends on the W grades and the specimen
preparation, namely, annealing of the sample, mechanical
deformation, pre-irradiation with energetic ions, etc.3,6,12,13

For example, annealing of the undamaged sample prior the D
plasma exposure can decrease the amplitude of the low-
temperature TDS peak due to a reduction of the density of
dislocations and, consequently, a reduction of the trapped D
fraction at dislocations.14 On the other hand, pre-implantation
of W with energetic D ions significantly increases the
high-temperature TDS peak by increasing the density of
vacancies.13,14 Pre-implantation with heavy ions increases the
density of both kinds of defects with low- and high-binding
energy for D.15,18 Furthermore, the D plasma exposure at
different temperatures allows us to decorate different types of
defects, namely, an increase in the temperature will lead to
the D depopulation of defects with low binding energy for D
as already shown in Fig. 2. Fig. 11 shows an example of the
D depopulation of radiation-induced defects with low binding

FIG. 9. Binding energies of H with dislocation, vacancy, and vacancy clus-
ter as a function of the number of H in a defect. HfkDf is denoted fkth num-
ber of H in a kth type of defect.

FIG. 8. The dependence of the binding energy of H with a vacancy on the
number of H atoms in the vacancy calculated by DFT in Refs. 36–38 and
using the “adsorption model”28 with Qc¼ 1.05 eV.31

FIG. 10. Fine spectrum of H binding energy in polycrystalline W according
to DFT calculations without and with ZPE (Refs. 36, 38, and 39) and accord-
ing to “adsorption model” in comparison with the rate equation modelling of
experimental TDS data in assumption of single binding energy of deuterium
with each defect.1,4,12–14

074902-7 O. V. Ogorodnikova J. Appl. Phys. 118, 074902 (2015)

Ref: O.V. Ogorodnikova, J. Appl. Phys. 118 (2015)  074902
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Deep tritium migration and trapping
• Deep tritium migration depth can be calculated the difference between TDS and NRA

− (0.025-0.3) dpa polycrystalline tungsten at 773K in ion fluence of 1026 m−2 [1]
• T migration depth: 50 μm for 0.025 dpa and 35 μm for 0.3 dpa

− 0.1 dpa single crystal tungsten in ion fluence of 5.0x1025 m−2[2]
• T migration depth: 15 μm at 673K, 51 μm for 873K, and 170 μm at 973K

• Deep tritium migration was measured up to 11 μm by IPP-Garching
− 0.016 dpa polycrystalline tungsten at 563K in ion fluence of 1.0x1025 m−2 [3]

• T migration depth: 17 μm at 573K, and 32 μm at 773K

• T migration depth increases with increasing plasma exposure temperature
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Limited data available with neutron irradiated W for D ion fluence above 1026 m-2

• Incident ion fluence dependence in pure D2 plasma around 500K
− D retention in (0.016-0.3) dpa neutron-irradiated W follows the upper bound trend from MIT report [1-7]
− Limited data available with neutron irradiated W for high ion fluence above 1026 m-2

• Highest incident D ion fluence reported is 1.2x1026 m-2 in TPE study [2]
• Highest incident D ion fluence reported is 1.3x1026 m-2 in CDPS (Compact Divertor Plasma Simulator) study [4]

• CDPS study suggests the increase with square root of time [5]
• Measured D retention at 563K from 8x1024 to 1.3x1026 m-2 ion fluence
• Suggested that D retention increases as the square root of time (~t0.5)

• Observations
− Even low dose (<0.3 dpa) radiation damage increases D retention
− D retention may increase with t0.5, but more data is needed.

• Future work
− Incident D ion fluence dependence above 1026 m-2

− Explore high radiation damage (>> 1 dpa)

M. Shimada (INL) | October 2022 | IAEA TM on Plas. Phys & Tech. Aspect T Fuel Cycle for Fusion Energy16

Figure: Overlay of neutron-irradiated W data around 500K 
on R. Doerner et al., Nucl. Mater. Energy 9 (2016) 89 
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D retention at elevated temperature > 773K due to radiation damages

• Temperature dependence in pure D2 and D-He plasma in the fluence of (0.5-1.2)x1026m-2

− D retention in (0.016-0.3)dpa n-W is x(10-100) higher at elevated temperature of >773K 
− Due to high detrapping energy (>1.8eV) associated with radiation induced trapping site

• Mixed D2-(1-5%)He plasma reduces D retention by 2 order of magnitudes in n-W at 673K
− Formation of He bubble layers reduced D retention

M. Shimada (INL) | October 2022 | IAEA TM on Plas. Phys & Tech. Aspect T Fuel Cycle for Fusion Energy17

Figure: TEM of 
0.3 dpa D2-(0.05)He [6]
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Mechanism of discrepancy in T retention at elevated temperature
1. Cooling rate• Effect of cooling down
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TMAP at Edetrap=1.8 eV

TMAP at Edetrap=1.4 eV
ion-damaged (2.5 µm) neutron-irradiated (>50 µm)

Temperature profile:
T(t) = Tinitial - (Tinitial – Tfinal)*

[1-exp(-t/tconst)]
Tinitial =  773 K,   Tfinal = 300 K

tconst: time constant 
tconst=1,10, and 100 sec.

D depth profile
from 0.1 dpa SCW



Outline
• Motivation

• Experimental apparatus

• Tritium migration and trapping in neutron-irradiated tungsten

• Recent progress on tritium retention with neutron-irradiated tungsten

• Summary
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Summary of talk
• Deep tritium migration and trapping was experimentally measured

− INL’s previous studies had indicated the possibility of deep (>>10 μm) tritium migration in bulk W
− Recently, deep tritium migration was measured up to 11 μm by NRA with 0.016 dpa polycrystalline W

• Tritium retention studies with neutron-irradiated tungsten shows that:
− T retention can remain relatively high at elevated temperature > 773K due to high binding energy (Ebin > 

1.4eV) associated with neutron-induced radiation damages and deep T migration at elevated temp.
− Only limited data is currently available with neutron irradiated W for high ion fluence above 1026 m-2

• Future work with neutron-irradiated PFC will focus on:
− Effect of impurities (e.g. He, N, Ar, O etc.) on surface chemistry and tritium migration and trapping
− Incident D ion fluence dependence above 1026 m-2

− Explore high radiation damage (>> 1 dpa)
− Plan to restart D/He plasma experiment with RB* neutron-irradiated W and W alloys in January 2013

• We received ~ 300 neutron-irradiated samples from HFIR, ORNL, will have >30 samples from IAEA CRP.
• Dose rate from activated products reduced to << 10mrem/hr (0.1 Sv/hr) at 30cm

• Implications for future (all tungsten) plasma chamber PMI in DEMO and FPP
− Higher radiation damage in blanket FW than that in divertor due to closer to the plasma core
− Synergetic effect with CX neutrals poses additional concerns for T retention
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