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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
e Tritium transport database determines both tritium retention and permeation in safety analysis
* |AEA 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
* INLs 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

* |AEA 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) =» MELCOR-TMAP

* Development of TMAPS8 (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
* Tretention 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 to reach tritium

breeding ratio (TBR) of TBR> 1.05

* Research gaps in T retention

— Incident D/T ion fluence above 1022 m=2 (up to 1031 m2) e.g 4x102° 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

References:

[1] De Termmeman et al., Nucl. Mater. Energy 12 (2017) 167 ,[2] Roth et al., Plas. Phys. Contr. Fusion 50 (2008) 103001, [3] G.R. Tyan et al,,

Nucl. Mater. Energy 12,(2017),164

number of 400s ITER discharges 250 2500 25000
10%*

-

o
)
~

)
£
o
@
:l? Tt [ S
c
S
o
% 25
5 10
I}
C
g
© 10%
10” :
10° 10° 10° 10° 10° 10’
Time (s)
Ref: J. Roth et al., PPCF 50 (2008) 103001
0001 T < T T I I 1 I
\ b O Pure D plasma
\\ ® D plasma with 5%He
0.0001 |- g v O 02dpa 380K ]
10-5 \V - ‘~\ . 0.2dpa 1200K
B NG bt @ 03dpa 320K N
- \\ \\ neutrons
g 10° |
‘g Upper limit
- On trappin
-§ 107 E pro;a:xﬁtyg
g 8 ! v
107 - walt::::e 1 \\\ f
10 weeks \\\
10'10 1 1 L L 1 FYV Fluenfe (N
10% 10* 10%° 10%® 10%

Fluence (m‘z)
Ref: G.R. Tyan et al, Nucl.Mater. Ener. 12 (2017) 164

IDAHO NATIONAL LABORATORY



10%

- Key questions for tritium retention in tungsten
1) T retention behavior at high ion fluence above 1026 m-2 g |
— 2010 MIT report (ITPA SOL/divertor group) suggested saturation [1] g 10203_
* Collected D retention data around 500K from 10?3 to 102’ m=2 ion fluence g
* Suggested the possibility of saturation in retention above 1026 m- - ] v —
— 2016 PISCES-B study suggests the increase with square root of time [2] i R it
* Explored D retention data at 640K from 7x102° to 2x10%%8 m=2 ion fluence TE‘F’)“?ﬁgmmg.gagpﬁ}fsﬁzégsmm
* Suggested that D retention increases as the square root of time (~t%>) e T R
2) Effect of neutron induced radiation damage Fluencs (Dim)

Ref: R. Doerner et al,, NME 9 (2016) 89
— 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”_ ;Z_@
S |08 (total)

£ [ leros oy |
3) Effect of impurities (e.g. He, N, Ar etc.) 5 25
— Formation of He bubble layers reduced D retention 5

* 5% He-D plasma reduces D retention to detection limit of 1018 m-2[2] 10

* (1-5%)He - D plasma reduces D retention by 2 order of magnitudes [3] 021.] =

. .. . . pure D(1) pure D{2) D+He(1) D+He(2) D+Ar(1) D+Ar(2) D+Ne{1) D+He+Ar(2) D+N(1)
— N and Ar impurities can lead to higher D retention Ref: A, Kreter et . NF 59 (2019) 086029

Reference: ° Nitrogen enriched layer, in contrast, serves as a desorption barrier for D atoms and increases D retention [4]

[1] B. Lipshultz et al., MIT report (2010) PSFC/RR-10-4, [3]1 Y. Nobuta et al., Fus. Sci. Technol. 77 (2021) 76

[2] R. Doerner et al,, NME 9 (2016) 89 [4] A. Kreter et al., Nucl. Fusion 59 (2019) 086029 IDAHO NATIONAL LABORATORY
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- Research approach: tritium retention with neutron irradiated PFC

* 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, t;,= (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 (107 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.
Ref: Y. Katoh et al, PHENIX SCM

* Successful thermal neutron shielded irradiation (RB-19J) carried out under PHENIX (2013-30]183 : =
. . . . . L. ; ©
— Use of linear plasma device to study sequential neutron-plasma irradiation. & 0:&” 4
5 ' o ion®P
 TPE can handle tritium and neutron-irradiated material. g 104 6"\00 Fo‘g'%’:'m
. . . . g & -
* Experimental approach with small samples (6mm OD 0.5mm thick discs) S &
— Neutron-irradiation at HFIR, ORNL é 1 c*“}‘
N N
— D/He plasma exposure at TPE, INL g &
— D/He thermal desorption spectroscopy, % 01 {
— Nuclear Reaction Analysis for D depth profile B Fusion PFC (Sawan 2014)
. g y - = = Fusion PFC (Noda 1998)
° Modellng approaCh ) 0.01 P iz : PEPERRTIT] iy PR
0.01 0.1 1 10 100
— (Low fidelity) 1D reaction-diffusion modeling with TMAP (Tritium Migration Analysis Program) DPA in tungsten

— Simulate T implantation and desorption behavior in tungsten to derive E;, and ny,,
IDAHO NATIONAL LABORATORY



- Outline

Experimental apparatus
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- Neutron irradiation at HFIR

* Experimental condition in HFIR, ORNL
— Qut-of-pile (rabbit) irradiation or in-pile (e.g. RB*) irradiation with inert gas
— Displacement damage rate (~107 dpa/s) in fission, similar in fusion reactor
* 1 dpa/year (at RB*) and up to 5 dpa/year (at flux trap) in HFIR

Table 1
Solid transmutations rates in tungsten (W) during fusion reactor service or HFIR

¢ ~24‘5 dayS/CyCIel ~6 CyCIeS/year in HFIR in_-radiation experiments, Note that the transmutal_ion_rat_c.-s are not constant over
° ° ° ° ° ° » rilrsl-:/tzlob‘f;: Blanket [26] \F/x-sl':l-‘zc gyi;enor 127) \l‘{:lr sl;l ]H:‘:i Flux Trap
* Challenges in fission reactor irradiation i
Re 470 ppm/dpa 03-1.1% 8.4%/dpa
— Accelerated solid transmutation rate in mixed spectrum reactor (e.g. HFIR)  _%u_sdm 7
* Higher solid transmutation rate [1]
. . ] . 100% ¥z 25%
— Re production rate of ~¥8.4% in first 1 dpa in HFIR flux trap [1] R, W, no selfsielding
. . . . . ‘\\""-._' W, with self-shielding
— Re production rate of ~¥1.1% in first 2 dpa in W PFC divertor [2] Ll MLV T 2%
S g Rt -
* Effect of solid transmutation (Re and Os) in H retention I o T
e s, no self-shielding . >7===eu_. - kA
— Reis known to reduce H retention in W, might be underestimating H retentiort R A 8
70% + > + 10% &J
— Changes in elemental composition affects thermo-mechanical properties and -
H transport properties (diffusivity and solubility) 60% /;// / i lsaiamirg. T
. . . . . // el Re, with self-shielding
— Potential surface contamination and effect on H diffusion e I v s o puscrsaprell o
0 1 2 3 4 5 6

Dose [dpa]

* During handling materials at hot cell

* Inner-diffusion of surrounding material at elevated temperature at long irradiation
Ref: Y. Katoh et al,, JNM 520 (2019) 193

— Sequential irradiation (e.g. neutron irradiation =» plasma exposure)
Reference: [1] Y. Katoh et al,, J. Nucl. Mater. 520 (2019) 193, [2] M.R. Gilbert et al., Nucl. Fusion 57 (2017) 1 IDAHO NATIONAL LABORATORY



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

* Material and heat treatment
— PCW: Polycrystalline, Stress-relieved (1 h@900 °Cin H, + 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)

764 0.16 dpa _ 7a2°¢,2.2dpa
o WK;-L:* A

Loop

* Microstructure: loop & void, precipitate & void
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J. Marian et al., Nucl. Fusion 57 (2017) 092008

: X. Hu et al., J. Nucl. Mater. 480 (2016) 235
displacementdamage;dpa) A. Hasegawa et al,, Fus. Eng. Des. 89 (2014) 1568 [EBIAYx (O \ VA RIO\ V.Y BN WV 1012V N H0) 44



- 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 (>10%2 m-2s1) ,
— Moderately radioactive (< 1 mSr/hr @ 30 cm) materials

* Installation of new plasma source (2017)
— New design based on UCSD PISCES-A source 1
. .. . el . 0.8
* Minimized impurities (e.g. C) in plasma 06
* Increased plasma performance and availability A

450
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Tritium migration and trapping in neutron-irradiated tungsten
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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 102> D m2 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 (101 - 10) is required to fit experimental TDS spectrum
— PISCES study uses 10 for incident flux of 1022 m-2s'1 =» Model overpredicts T retention (x10-10%) without this factor.
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« Exp-973K . Al s W68 ' 558 @ TPE 100
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- High binding energy in neutron-induced radiation damage

* Definitions

— Detrapping energy: E4.. [eV] = E,;, + E4
— Biding energy: E,;, [eV]

— Activation energy for H diffusion in W: E4 [eV] s I

- E,=0.39 eV

* 0.V. Ogorodnikova, J. Appl. Phys. 2015

— Dislocations:
— Vacancy:
— Vacancy cluster:

0.4<E,, [eV]<0.8
0.8 <E,;, [eV]<1.4
1.4<E,, [eV]<2.2

TPE detraping binding
Sample ) o . .
ID exp. energy: energy: possible trap site
temp.[K]  Eget [€V] Epin [€V]
W53 673 1.80 1.41 Vacancy and/or
(0.1dpa) vacancy cluster
W55
(0.1dpa) 873 2.30 1.91 vacancy cluster
W26
?
(0.1dpa) 973 2.60 2.21 vacancy cluster 7

surface bulk

Chemi- o
sorption

=RAn

V2 Hy(eh ‘ A

$
Qc

vacancy cluster:

E,' = ‘Qﬁ‘ + |Q§|

dislocation, vacancy:
grain boundary EbiV=(|Q£| + |Q;'|)/2

FIG. 6. Schematic potential energy diagram for hydrogen chemisorption,
solution, and trapping at different trapping sites.
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2.0 1 —A— DFT without ZPE [36,38]

] —O— DFT with ZPE [36,38]
O adsorption model
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R ]
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{ of a dislocation [39

Binding energy, eV
)
N

'l’l’l'\l'I'l’l’l'l'l'l’l'l'l’
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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. 1214
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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 um for 0.025 dpa and 35 um for 0.3 dpa References:
— 0.1 dpa single crystal tungsten in ion fluence of 5.0x1025> m2[2] [1JM. Shimada etal., Nucl, Fusion 35 (2015) 013008

[2] M. Shimada et al., Fus. Eng. Des. 136 (2018) 1161
* T migration depth: 15 um at 673K, 51 um for 873K, and 170 um at 973K [3] M. Yajima et al., Phys. Scr. 96 (2021) 124042

* Deep tritium migration was measured up to 11 um by IPP-Garching

— 0.016 dpa polycrystalline tungsten at 563K in ion fluence of 1.0x10%> m=2[3]
* T migration depth: 17 um at 573K, and 32 um at 773K

* T migration depth increases with increasing plasma exposure temperature

0° T
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10220 100 200 300 400 500 O 100 200 300 400 500 =&—ynirr =
T T T T T T T T | T 1022 +W53B °\
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E (a) (b) il e - W558 = 1074
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§ i 0.3 dpa g RS = % 3E-03 %h i ]
€ 1n21 e Ty o £ e ]
102 | a - {1t Y Sy & c |
g% oy, M e 10" @ 3 L 773K
= P ... 0.025dpa~e 7 o 2.E-03 o 2 10247
g ’{'. .. ,"I' ..'. e 8 ‘
5 ’- '.. Y] '.. g D
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Recent progress on tritium retention with neutron-irradiated tungsten
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- Limited data available with neutron irradiated W for D ion fluence above 10%2° m-2

Incident ion fluence dependence in pure D, 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 10%® m
* Highest incident D ion fluence reported is 1.2x1026 m2 in TPE study [2]
* Highest incident D ion fluence reported is 1.3x102° 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 1.3x10%® m=2 ion fluence
* Suggested that D retention increases as the square root of time (~t%>)

Observations
— Even low dose (<0.3 dpa) radiation damage increases D retention

— D retention may increase with t°°, but more data is needed.

Future work
— Incident D ion fluence dependence above 10%2° m2
— Explore high radiation damage (>> 1 dpa)

[4]Y. Nobuta et al., Fus. Sci. Technol. 77 (2021) 76

[5] M. Yajima et al., Nucl. Mater. Energy 21 (2019) 100699

[6] R. Doerner et al., Nucl. Mater. Energy 9 (2016) 89
[7] B. Lipshultz et al., 2010 MIT repport PSFC/RR-10-4

References:

[1] M. Shimada et al., Nucl. Fusion 55 (2015) 013008
[2] M. Shimada et al., Fus. Eng. Des. 136 (2018) 1161
[3] M. Kobayashi et al., Fus. Eng. Des. 146 (2019) 1624
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- D retention at elevated temperature > 773K due to radiation damages

* Temperature dependence in pure D, and D-He plasma in the fluence of (0.5-1.2)x10%26m
— 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 D,-(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

Figure: Overlay of neutron-irradiated

ta on M. Baldwin et al., Nucl. Fusion 51 (2011) 103021
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- Mechanism of discrepancy in T retention at elevated temperature
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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 um) tritium migration in bulk W
— Recently, deep tritium migration was measured up to 11 um 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 (E,;, >
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 10%®6 m-?

* 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 10%2° m2
— 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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