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INL’s motivation for irradiated tungsten 
•  Safety concern of in-vessel tritium source term in FNSF and DEMO 

–  Tungsten (tungsten alloy) is the leading candidate for solid PFC option 
–  T retention in bulk neutron-irradiated W (W alloy) at elevated temperature 

 

•  Leverage the unique capabilities in INL and US-Japan collaboration 
–  Irradiate tungsten (tungsten alloy) samples at High Flux Isotope Reactor, ORNL 
–  Expose neutron-irradiated samples at Tritium Plasma Experiment, INL 
–  Post-irradiation (and post-exposure) examination with thermal desorption 

spectroscopy, nuclear reaction analysis, glow-discharge optical emission 
spectroscopy, positron annihilation spectroscopy 

–  Simulate with reaction-diffusion code, Tritium Migration Analysis Program  
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Figure 8. Tritium inventory in ITER for the all-C (blue line) and all-W options (red line) compared
to the initial material choice (magenta). In addition, retention values for the option of a full
W divertor and Be first wall are included (black line). The assessment was performed assuming
different particle fluxes to different divertor and wall areas: divertor: 3 m2, 2×1024 (D+T) m−2 s−1,
775 K; 47 m2, 2×1023 (D+T) m−2 s−1, 500 K; baffle and wall: 750 m2, 1–5×1020 (D+T) m−2 s−1,
380–440 K.

correct. The 700 g T level is reached in about 750 discharges, the rate of T retention being in
rough agreement with previous estimates [72, 73]. Be co-deposition contributes a factor of 6
less to the inventory than carbon, while retention in un-irradiated W would reach the inventory
limit only after 250 000 discharges.

4.4. Comparison of different material options

Figure 8 compares the T inventories for the four following options:

• initial material mix, i.e. CFC strike point tiles, W divertor and Be first wall,
• all-C device,
• all-W device,
• Be first wall/W divertor device.

For this comparison uncertainties in the particle fluxes to the wall between 1–5×1023 (D+T) s−1

are indicated by the coloured band, for each wall material option.
As discussed in section 4.3 the tritium inventory for the initial material choice, CFC/W/Be,

will build up mainly due to co-deposition with carbon, supplemented by co-deposition with
Be, and will reach the 700 g T level within 250 to 750 full 400 s Q = 10 discharges.

The option of using an all-metal W/Be machine has been proposed by ITER as the initial
material choice in the activated phase of ITER. It results in a strongly reduced T build-up
compared with the initial material choice. Between 1500 and 5000 discharges are necessary
to reach the 700 g T level, which is now dominated by co-deposition with Be, mainly at the
inner divertor.
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PIE results from PHENIX SCW specimens 

•  D retention in n-irradiated SCW at DEMO-relevant elevated temp. 
–  Specimens:  

•  Material:   Single crystal (100) tungsten from Goodfellow USA 
•  Size:    4.0x4.0x0.5 mm3   

–  Neutron irradiation condition in HFIR, ORNL:  
•  Capsule:   TB-300-2, TB-500-2, and TB-650-3 
•  Neutron fluence:   0.52 x 1025 n/m2 (E > 0.1 MeV) 
•  Dose:    0.1 dpa 
•  HFIR irradiation temp.:  360, 690, and 760°C 

–  Plasma exposure condition in TPE, INL 
•  TPE exposed temp.:  400, 600, and 700°C 
•  Plasma exposed area:  π(3.88)2 mm2 
•  D ion flux density:   (7.0-9.0) x 1021  D m-2s-1 (D only plasma) 
•  D ion fluence:   5.0 x 1025  D m-2  
•  D ion energy:   ~ 100 eV (biased to -100 V with plasma potential -5~0 V) 
•  2 samples (A and B) were exposed to similar ion flux density at each temperature 

–  A-samples (TPE-TDS study) : 
•  TDS (10°C/min to 900°C) were performed within 24 hours in INL 

–  B-samples (TPE-NRA study): 
•  NRA (up to 3 micron) were performed within 2 months at SNL-NM 
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TDS results from HFIR irradiated 0.1 dpa SCW 

•  Results form A-samples (TPE-TDS study) : 
–  TDS conditions: 

•  TDS were performed within 24 hours after TPE exposure to 5.0 x 1025  D m-2 

•  TDS started when the vacuum pressure is less than 1.3x 10-5  Pa (1.0x 10-7  Torr) 
•  Ramp rate of 10°C/min to 900°C, and 30 min hold at 900°C 
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Figure: TDS spectra (left) and total retention (right) for neutron-irradiated single crystal W samples (100 eV D with 0.5x1026 D m—2 ) 
Ref. [1] M. Shimada et al., Nucl. Fusion 55 (2015) 013008,  

 
 

unpublished data 

unpublished data 



NRA results from HFIR irradiated 0.1 dpa SCW 

•  Nuclear reaction analysis (NRA) by Bill Wampler (SNL-MN) 

M. Shimada (INL) | IAEA CRP 3rd RCM | June 27, 2017 7 

0.E+00 

1.E-03 

2.E-03 

3.E-03 

4.E-03 

5.E-03 

-0.5 0 0.5 1 1.5 2 2.5 3 

D
/W

 

Depth (microns) 

unirr 
W53B 
W26B 
W55B 

October 2016 
W.R.Wampler 
Sandia National Laboratories Ion Beam Lab 

0.E+00 

1.E-04 

2.E-04 

3.E-04 

4.E-04 

5.E-04 

-0.5 0 0.5 1 1.5 2 2.5 3 

D
/W

 

Depth (microns) 

unirr 
W53B 
W26B 
W55B 

October 2016 
W.R.Wampler 
Sandia National Laboratories Ion Beam Lab 

Sample 
ID 

HFIR n irr. 
temp.[K] 

TPE exp. 
temp.[K] 

D concentration  
at 1E-6 m [D/W]  

D concentration  
at > 3E-6 m [D/W]  

ion induced 
damage? 

D desorbed in 
ramp-down? 

W53B  
(0.1dpa) 633 673 3.0E-03 ~ 2.0E-03 Yes No 

W55B 
(0.1dpa) 963 873 5.0.E-05 ~ 2.0E-04 No Yes 

W26B 
(0.1dpa) 1033 973 < 1.0E-05 ~ 1.0E-04 No Yes 

unpublished data 

unpublished data 



TMAP simulation of HFIR irradiated 0.1 dpa SCW 
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•  Assumptions in TMAP simulation 
1.  D diffusivity in W: DD(T)  

•  Frauenfelder’s H diffusivity x 1/sqrt (2) 
•  DD(T) = 2.9E-7 exp(-0.39/8.625E-5*T) 

2.  Force zero surface D concentration  
•  CD (x=0) = 0 

3.  Pre-exponential factor for detrapping (ν0)  
•  ν0 = 1013 [s-1] 

4.  Trapping rate coefficient (αtrap) 
•  αtrap = DD(T)/λw

2 
5.  W lattice constant (λw)   

•  λw= 3.16x10-10 m (316 pm) 
6.  Uniform trap concentration ntrap = const. 

•  Simulation conditions 
1.  2 hr (7200 s.) plasma exposure 
2.  Normal distribution for ion implantation 

•  Center = 2.64e-9 m,  HWFM =1.79e-9 m 
3.  2800 sec. ramp-down with time constant 

Tconst = 1800 [s] 
4.  Start TDS (10K/min to 1173K) at 10000 s 

and hold at 1173K for 30 min (1800 s) 

 



TMAP simulation of HFIR irradiated 0.1 dpa SCW 
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Sample 
ID 

TPE exp. 
temp.
[°C] 

TPE 
exp. 

temp.[K] 

exp. D. conc. 
at 3E-6 m  

[D/W]  

reflection 
coefficien: 

R  [ND] 

detraping 
energy: 
Edet [eV] 

Trap 
conc.: 

ntrap [T/W]  

sim. D. conc. 
at > 3E-6 m  

[D/W]  
NOTE 

W53  
(0.1dpa) 400 673  ~2.0E-03 0.90 1.80 2.0E-03 2.0E-03 good  

agreement 

W55 
(0.1dpa) 600 873 ~ 2.0E-04 0.99 2.30 2.0E-04 2.0E-04 OK, but 

high Edet 

W26 
(0.1dpa) 700 973 ~ 1.0E-04 0.99 2.60 2.0E-04 2.0E-04 OK, but 

high Edet 

•  Fitting parameters 
1.  Detrapping energy: Edet [eV] 
2.  Trap concentration: ntrap [T/W] 
3.  Integrated fraction of D in normal 

distribution for source rate ≈          
(1 - reflection coefficient) 

•  Simulation results 
–  High reflection coefficient (>0.90) 

was required to reduce retention 
–  Good fit for W53 (400°C) case 
–  High detrapping energy (>2.30 eV) 

was required to fit D behavior for 
W55 (600°C)  and W26 (700°C). 

unpublished data 
preliminary analysis 



Reference on detrapping energy in irradiated tungsten 
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Sample 
ID 

TPE 
exp. 

temp.
[°C] 

detraping 
energy: 
Edet [eV] 

binding 
energy: 
Ebin [eV] 

possible trap site  

W53  
(0.1dpa) 400 1.80 1.41 vacancy or 

vacancy cluster 

W55 
(0.1dpa) 600 2.30 1.91 vacancy cluster 

W26 
(0.1dpa) 700 2.60 2.21 vacancy cluster ? 

(too high Ebin) 

•  Definitions 
1.  Detrapping energy: Edet [eV] = Ebin + Ed  
2.  Biding energy: Ebin [eV] 
3.  Activation energy for H diffusion in W: Ed [eV] 

•  Ed = 0.39  eV  

•  O.V. Ogorodnikova, JAP 2015 
–  Dislocations:  0.4 ≤ Ebin [eV] ≤ 0.8 
–  Vacancy:   0.8 ≤ Ebin [eV] ≤ 1.4 
–  Vacancy cluster:  1.4 ≤ Ebin [eV] ≤ 2.2 

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)



TMAP simulation of TDS up to 1500 °C (1773 K) 

M. Shimada (INL) | IAEA CRP 3rd RCM | June 27, 2017 11 

Sample 
ID 

TPE exp. 
temp.
[°C] 

TPE 
exp. 

temp.[K] 

exp. D. conc. 
at 3E-6 m  

[D/W]  

reflection 
coefficien: 

R  [ND] 

detraping 
energy: 
Edet [eV] 

Trap 
conc.: 

ntrap [T/W]  

sim. D. conc. 
at > 3E-6 m  

[D/W]  

Max. temp. 
to desorb 
all D [K] 

W53  
(0.1dpa) 400 673  ~2.0E-03 0.90 1.80 2.0E-03 2.0E-03 ~ 1400K 

•  Objective 
–  TDS experiment ended at 900°C 

(1173 K) è T0 profile 
–  To estimate required temperature 

to desorb all the D in W53 sample 

•  Simulation condition 
1.  Same R, Edet, and ntrap are used 
2.  2800 sec. ramp-down with time 

constant Tconst = 1800 [s] 
3.  Start TDS (10K/min to 1873K) at 

10,000 s. è T2 profile unpublished data 
preliminary analysis 



TMAP simulation for extremely high ion fluence 
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•  Objective 
–  Simulate extremely high ion fluence 

•  2.0E27, 4.0E27, and 2.0E28 D m-2 
–  Compare with Doerner (NME 2016) 

•  Simulation condition 
1.  Same R, Edet, and ntrap are used 

•  R = 0.90 
•  Edet = 1.80 eV 
•  ntrap = 2.0E-3 

2.  Increase exposure time to reach 
2.0E27, 4.0E27, and 2.0E28 D m-2 

3.  Ramp-down for 2800 s with time 
constant Tconst = 1800 [s] 

4.  TDS (10K/min to 1873K) for 9000 s   
è T2 profile 

•  Results 
–  1200°C (1473K) is required to desorb 

all the D atoms from n-irradiated SCW 
exposed high fluence (up to 2.0E28 D 
m-2) 400°C (673K) D plasma 

plasma 
temp.
[°C] 

TPE 
exp. 

temp.[K] 

reflection 
coefficien: 

R  [ND] 

detraping 
energy: 
Edet [eV] 

Trap 
conc.: 

ntrap [T/W]  

400 673 0.90 1.80 2.0E-03 

unpublished data 
preliminary analysis 



Comparison with Doerner et al. [Nucl. Mater. Ener. 9 (2016) 89-92] 
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•  Doerner et al. (NME 2016) 
–  Exposed PCW at 640K to extremely high ion fluence 

•  2.0E27, 4.0E27, and 2.0E28 D m-2 
–  Performed TDS with 18 K/min to 1340K. 
–  All the D atoms desorbed by 1173K. 

•  Comparison results 
–  Similar fluence dependence ~ fluence^(0.50-0.59) 
–  > x10 difference in D retention between 0.1 dpa SCW and 

0 dpa PCW 

Nuclear Materials and Energy 9 (2016) 89–92 
Contents lists available at ScienceDirect 

Nuclear Materials and Energy 
journal homepage: www.elsevier.com/locate/nme 

Retention in tungsten resulting from extremely high fluence plasma 
exposure 
R.P. Doerner ∗, M.J. Baldwin , T.C. Lynch , J.H. Yu 
Center for Energy Research, UCSD, La Jolla, CA 92093-0417, USA 
a r t i c l e i n f o 
Article history: 
Received 19 October 2015 
Revised 18 February 2016 
Accepted 21 April 2016 
Available online 10 May 2016 

a b s t r a c t 
PISCES-B was used for a series of high-fluence plasma exposures to investigate the deuterium fuel reten- 
tion properties of tungsten, when exposed to continuous plasma irradiation. The goal was to determine 
whether the fuel retention in the tungsten saturates at sufficiently high fluence, or continues to increase 
as a function of the plasma fluence. During pure deuterium plasma exposure, up to a maximum deu- 
terium fluence of 2 ×10 28 m −2 , retention results indicate that saturation is not reached and that retention 
scales as the square root of time, indicative of diffusion dominating the fuel uptake of the tungsten. 
However, measurements performed while sculpting the PISCES plasma to replicate a burning plasma, by 
adding a small amount (5%) of helium ions to the incident deuterium plasma, indicate the deuterium 
uptake in the target is severely inhibited. 

© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
Introduction 

Retention of hydrogen isotopes in tungsten plasma-facing com- 
ponents is a concern for future burning plasma devices using tri- 
tium as a part of its fuel cycle. The concern is two-fold; first, 
the amount of trapped tritium affects the required tritium breed- 
ing ratio necessary to operate the reactor, and secondly, from the 
viewpoint of safety during an unexpected accident scenario. While 
much data is available in the literature on retention of hydrogen 
isotopes in plasma exposed tungsten, most of this data was ob- 
tained at fluences below 10 26 m −2 . In a power-producing reactor, 
where one expects to operate in steady state, one would exceed a 
fluence of 10 31 m −2 during a year of operation. 

The question of the extrapolation of retention to higher values 
of fluence was one of the topics of a meeting held at the Plasma 
Science and Fusion Center at MIT in 2010. At the time, the data 
presented at the meeting (and included in the meeting report [1] ) 
suggested the possibility of saturation in retention with increasing 
fluence, but the data was by no means conclusive. Fig. 1 repro- 
duces the data set of retention vs. fluence contained in the MIT re- 
port along with upper and lower bounds of the retention that were 
arrived at during the meeting. Since that time, additional data has 

∗ Corresponding author. Tel.: (858)534-7830. 
E-mail address: rdoerner@ucsd.edu (R.P. Doerner). 

become available, but the fluence remained below 10 27 m −2 and 
did not settle the issue of saturation with increasing fluence. To ad- 
dress this issue the PISCES-B device [2] performed a fluence scan, 
using identical plasma conditions and only altering the time of the 
plasma exposure to obtain the change in fluence. 
Description of experiment 

The first issue to address in designing the experimental expo- 
sure condition was to specify the sample temperature during the 
exposure. The data collected in [1] was obtained at 500 K, but this 
temperature is close to the region where blisters have been ob- 
served in tungsten exposed to deuterium plasma [3,4] and it was 
believed that a slightly higher temperature would avoid the is- 
sue of blisters and provide a more definitive result. The compet- 
ing effect was the decrease in retention with increasing tempera- 
ture [3,4] , so it was decided to increase temperature only slightly 
to avoid blisters, yet still maximize desorption signals. As the ex- 
posure temperature increases, the diffusion distance also increases 
and the concern arises as to the thickness of the sample needed to 
prevent the diffusion front from reaching the back surface of the 
sample during the extremely long exposure times planned. It was 
also necessary not to exceed the maximum sample thickness com- 
patible with the existing sample manipulator in PISCES-B, which is 
1 cm. 

The operational temperature was therefore selected by ex- 
trapolating Frauenfelder’s diffusivity [5] to lower temperature to 

http://dx.doi.org/10.1016/j.nme.2016.04.008 
2352-1791/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 2. SEM images of sample surfaces after deuterium plasma exposure; (a) 6.8 ×10 25 m −2 , (b) 2.4 ×10 26 m −2 , (c) 2 ×10 27 m −2 and (d) 2 ×10 28 m −2 . 
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Fig. 3. Thermal D 2 release behavior and temperature ramp of samples exposed to deuterium plasma for varying fluences; 2 ×10 27 , 4 ×10 27 and 2 ×10 28 m −2 . 
that could be responsible for the reduction in retention is the in- 
terconnection of these bubbles which could provide a pathway 
back to the surface for deuterium atoms that recombine of the 
surfaces of the bubbles. The second idea is that the pressurized 
bubbles themselves create a stress field within the tungsten lat- 
tice that acts to trap any diffusing deuterium in the region of 

tungsten near the surface of the bubbles [13] . These measure- 
ments confirm the reduction of deuterium retention in tungsten 
at high fluence due to the presence of helium. However, sepa- 
rate experiments will need to be performed to examine which of 
the possible mechanisms described above are responsible for the 
reduction. 

unpublished data 
preliminary analysis 
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TPE - Tritium Plasma Experiment 
•  TPE is a unique linear plasma device in four elements:  

–  Tritium plasma (< 500 Ci per discharge),  
–  Divertor-relevant high-flux plasma (>1022 m-2s-1) ,  
–  Moderately radioactive (< 1 mSr/hr @ 30 cm) materials handling  
–  Beryllium handling 

•  Utilizes two containments other than its SS vacuum vessel 
–  Ventilated enclosure (as a high contamination area/HCA boundary) 
–  Ventilated PermaCon room (as a contamination area/CA boundary for T) 

•  TPE achieved its first deuterium plasma using the new control center 
outside of the CA after a significant three-year upgrade in Nov. 2015. 
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Simple estimate for expected ion flux 
density and heat flux after TPE upgrade  
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Table  2
Summary of expected discharge performance, ion flux density, heat flux with new
power supplies.

Parameters TPE (old PS) TPE upgrade (new PS)

Idis
max [ADC] 100 >200

Pdis
max [kW] 10 >20

Vbias
max [VDC] −200 −600

! i
max [m−2 s−1] 0.4 × 1023 >1.0 × 1023

qheat
max [MW  m−2] 0.6 >1

obtained TPE discharge I–V characteristic curve were similar to
that of PISCES-A’s low Idis range, but higher Idis operation was
not achieved due to the old power supply’s maximum current:
(IPS

max)old of 150 A in the TPE. With the new power supply’s maxi-
mum  current: (IPS

max)new of 750 A, we plan to increase Idis > 200 A,
which is similar to PISCES-A near the future. The TPE can achieve
the discharge power up to Pdis

max > 20 kW,  as shown in Fig. 2(a). Our
previous study showed a linear dependence of discharge power
on electron density (ne) and ion flux density (! i), and the electron
temperature (Te) of 5–10 eV does not change without installation
of baffle tube [4]. The simple linear scaling estimates show that
the TPE can achieve ! i

max of >1.0 × 1023 m−2 s−1 with new power
supplies as shown in Fig. 2(b). Heat flux density (qheat) at negatively
biased voltage can be simply expressed as qheat ≈ −qi ≈ −eEi! i. The
old power supply’s maximum bias voltage was  −200 V, whereas
the new power supply is capable of biasing up to −600 V. Maxi-
mum  qheat with new power supply was estimated with ! i

max of
>1.0 × 1023 m−2 s−1 in Fig. 2(c). This simple estimate also shows
that the TPE will be capable of reaching qheat of >1 MW m−2 with
new power supplies. Table 2 summarizes the expected ion flux
density, heat flux with new power supplies. The ion flux density
is expected to increase to >1.0 × 1023 m−2 s−1, and the heat flux is
estimated to increase to >1 MW m−2 with new power supplies. It is
important to note that these estimates were based on simple linear
scaling that experimentally obtained previously at low discharge
power (<10 kW)  regime, and the new plasma parameter regime
need to be experimentally confirmed at high discharge power
(>10 kW)  regime after the upgrade. This is, however, not a scope of
this paper, and the experimental verification of this estimate will
be topic of our subsequent publication.

5. Ongoing collaborative research activity for in-vessel
tritium inventory in neutron-irradiated tungsten

New US–Japan PHENIX collaboration (2013–2019) aims to
investigate irradiation response of tungsten for DEMO and future
fusion reactor, and plan to perform one-of-a-kind neutron-
irradiation with Gd thermal neutron shield in the High Flux Isotope

Reactor at Oak Ridge National Laboratory to simulate fusion neu-
tron spectrum. The PHENIX Task 3 focuses on irradiation response
of tritium behavior in neutron-irradiated tungsten and the TPE
will help provide one-of-a-kind tritium retention database from
neutron-irradiation tungsten.

6. Conclusions

The Tritium Plasma Experiment (TPE) is a unique high-flux lin-
ear plasma device that can handle tritium and neutron-irradiated
plasma facing materials, and is the only existing device dedicated
to evaluate in-vessel tritium inventory in the nuclear environment
for fusion safety. The electrical upgrade were recently carried out
to enhance operational safety and to improve plasma performance.
Simple linear scaling estimate showed that the TPE will be capable
of reaching ! i

max of >1.0 × 1023 m−2 s−1 and qheat of >1 MW m−2

in new power supplies. This upgrade not only improves opera-
tional safety of the worker, but also enhances plasma performance
to better simulate extreme plasma-material conditions expected
in ITER, FNSF, and DEMO for improving in-vessel tritium inven-
tory assessment in fusion nuclear environment. The TPE will help
provide one-of-a-kind tritium retention database from neutron-
irradiation tungsten with Gd thermal neutron shield under the
US–Japan PHENIX program (2013–2019).
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3.3. Upgrade in electrical system

Five new power supplies (Magna Power, MTD, MSD, TSD series)
were installed outside PermaCon (CA). Five (four standing and
one rack-mount) power supplies utilize 480VAC (three phase), and
isolation device were installed at the disconnect switches for main-
tenance activity downstream of power supply DC output. New DC
cables (total length: ∼300 m),  studseals, crimp connectors, bus bars,
and cable trays were installed both inside and outside the Perma-
Con enclosure (CA). All the electrical components (above 50 V) were
reviewed and approved by INL’s Authority Having Jurisdiction for
National Electrical Code (NEC) to comply with the NEC code.

3.4. Upgrade in instrumentation and control system

One instrumentation and control (I&C) rack outside the Perma-
Con enclosure (CA) houses a National Instruments (NI) compactRIO
data acquisition (DAQ) chassis, a rack-mount power supply, a rack-
mount PC, and two ion chamber controllers for tritium air monitor
(one for TPE exhaust and the other for PermaCon room air). Another
I&C rack inside the PermaCon enclosure (CA) houses another NI
compactRIO data acquisition (DAQ) chassis to monitor thermocou-
ple readings and pressure gauge readings using NI Labview DAQ
software, and to operate a Langmuir probe system. In addition, two
uninterrupted power supplies (UPS) were installed to operate the
NI DAQ system, Laboratory computers and monitors for 10 min  in
case of loss of facility power during plasma operation.

3.5. Improvement in cooling system

The following modification in the TPE cooling system were
made to improve the heat removal capability: installation of new
50.8 mm ID manifold, installation of ∼15 flow meters, ∼15 in-line
thermocouples, and increase of tube OD to 12.7 mm OD tubing.
These modifications enable approximately a factor of 2 enhance-
ments in the TPE cooling capability. Flow rate and inlet/outlet
temperature are monitored in each critical cooling lines, and fil-
tering system was installed for primary cooling loops. Additional
two UPSs were installed to maintain the cooling water circulation
for 10 min  in case of loss of facility power during plasma operation.

3.6. Decontamination of beryllium inside ventilated enclosure

Tritium retention in beryllium was extensively studied during
its tenure at the TSTA from 1995 to 2002, heavily contaminating
the TPE vacuum vessel and the ventilated enclosure (HCA) not only
with tritium but also with beryllium. In 2014, beryllium was  thor-
oughly decontaminated inside HCA to below ≪0.2 mg/100 cm2,
which is a DOE action level for beryllium contamination [10]. This
decontamination allows workers to perform OGM without a full-
face respirator.

3.7. Reduction of internal exposure risk to tritium with remote
control

The new power supplies and NI compactRIO DAQ system enable
workers to operate the TPE remotely from outside the PermaCon
enclosure (CA). It includes remotely operating 2 turbo molecular
pumps, a dry scroll pump, 3 water pumps, 9 bakeout heaters, 4
Ubed heaters, 20 pneumatic valves, 3 mass flow controllers, 15
flow meters, and a quadrupole mass spectrometer, and monitor
2 ion chambers, 68 thermocouple readings and 15 pressure gauge
readings.

This remote operation minimizes operators to work inside the
CA to only 1 h per plasma discharge (for sample changeout pur-
pose), reducing work hour to 100 work-hour per year in the CA

Fig. 2. (a) I–V characteristic curve of TPE’s old power supply and PISCES-A [7], (b)
discharge power dependence on ion flux density, and (c) ion flux density dependence
on  heat flux density.

with the 100 discharges per year. With the additional 200 h year−1

for OGM, this remote operation can minimize worker internal expo-
sure by reducing work hour up to 70 percent from 1000 work-hours
per year with the previous configuration to 300 work-hours per
year in the CA with the remote operation. This remote operation
also enhanced operation safety by eliminating heat stress issue dur-
ing plasma operation since now it is no longer required to stay in
the CA during plasma discharge with remote operation.

4. Simple estimate for expected ion flux density and heat
flux after TPE upgrade

In November 2015, the TPE successfully achieved first high-
flux (∼1.0 × 1022 m−2 s−1) long duration (2 h) deuterium plasma
via remote operation after a significant three-year upgrade, and
the plasma characterization after the upgrade is being carried out
with a Langmuir probe. Previous study of the systematic plasma
characterization revealed that the ion flux density is power supply
limited in the TPE with old power supplies [4], and the upgrade of
the power supply system can bring the TPE even closer in line with
the plasma condition of the ITER and DEMO PFCs.

Fig. 2(a) shows the discharge current–voltage (I–V) charac-
teristic curve in reflex-arc sources. PISCES-A device operates
with a reflex-arc source, and is capable of producing high-flux
(>1023 m−2 s−1) with high discharge current: Idis [8]. The previously

•  With new power input capability, a 
simple linear scaling estimate 
showed that the TPE will be 
capable of reaching ︎  

– ne,max  >1.0×1019 m−3  
– Γmax   >1.0×1023 m−2 s−1  
– qheat  >1 MW m−2 

Ref: M. Shimada et.al., FED 2016 



Improvement of Bulk & Surface Diagnostic Capabilities at 
STAR for Enhancing Tritium and Nuclear PMI Sciences 

•  Challenge 
–  Limited availability of bulk and surface diagnostics for neutron-irradiated and tritium contaminated samples 

•  Significance and Impact
–  This improvement of bulk and surface diagnostics at STAR facility (DOE less than Hazard Category III 

nuclear facility) will allow us to characterize bulk and surface of neutron-irradiated and tritium 
contaminated samples (for the first time) to advance fusion nuclear sciences and fusion safety. 

Reference: M. Shimada, C. N. Taylor, R. J. Pawelko, L. C. Cadwallader & B. J. Merrill, “Tritium Plasma Experiment Upgrade and Improvement of Surface Diagnostic 
Capabilities at STAR Facility for Enhancing Tritium and Nuclear PMI Sciences”, Fusion Science and Technology, http://dx.doi.org/10.1080/15361055.2017.1293422  

Panoramic view of STAR Rm-102 from southeast corner 

Panoramic view of STAR Rm-102 from north 

Scanning Auger Microscopy 
(FES funded for relocation/setup) 

Coincidence Doppler and Positron 
Lifetime Spectroscopy (INL 

funded)  Glow Discharge Optical Emission 
Spectrometry (INL funded) 

X-ray photoelectron spectroscopy 
(FES funded for relocation/setup)  
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New surface diagnostics at STAR 
•  Glow discharge optical emission spectroscopy 

–  Quantitative elemental depth profile analysis 
–  Nanometer resolution 
–  Can analyze 10s or even 100s µm sample depth 
–  Installation completed in FY16 

•  X-ray photoelectron spectroscopy 
–  Surface sensitive chemical analysis 
–  Excellent for quantification 
–  Particularly useful for surface effects related to permeation 
–  Installation completed in June 2017 

•  Scanning Auger electron spectroscopy 
–  AES provides elemental characterization 
–  Scanning mode allows for microscopy 
–  Installation completed in June 2017 

NOTE: all three diagnostics are capable of handling low 
activation and tritium-exposed materials. 
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Glow discharge optical emission spectroscopy 

19 

•  Technique 
–  Elemental characterization with depth profiling. 
–  Analyzed 10s of elements simultaneously.  
–  Nanometer depth resolution. 
–  Sputtering rates of nm/sec. 

•  Specifications 
–  Capable of differentiating H and D. 
–  Realtime depth measurements. 
–  Monochromator can be used to look at unknown 

element. 

•  GD-OES will measured the D depth 
profiling from bulk (>> 10µm) neutron-
irradiated tungsten exposed to plasma 

One	  of	  very	  few	  surface	  analysis	  techniques	  
capable	  of	  measuring	  hydrogen.	  
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AIP ADVANCES 7, 055305 (2017)

Direct depth distribution measurement of deuterium
in bulk tungsten exposed to high-flux plasma

C. N. Taylor

a

and M. Shimada

Fusion Safety Program, Idaho National Laboratory, Idaho Falls, Idaho 83415, USA

(Received 21 March 2017; accepted 1 May 2017; published online 8 May 2017)

Understanding tritium retention and permeation in plasma-facing components is
critical for fusion safety and fuel cycle control. Glow discharge optical emission
spectroscopy (GD-OES) is shown to be an effective tool to reveal the depth profile
of deuterium in tungsten. Results confirm the detection of deuterium. A ⇠46 µm
depth profile revealed that the deuterium content decreased precipitously in the first
7 µm, and detectable amounts were observed to depths in excess of 20 µm. The
large probing depth of GD-OES (up to 100s of µm) enables studies not previously
accessible to the more conventional techniques for investigating deuterium retention.
Of particular applicability is the use of GD-OES to measure the depth profile for
experiments where high deuterium concentration in the bulk material is expected:
deuterium retention in neutron irradiated materials, and ultra-high deuterium fluences
in burning plasma environment. © 2017 Author(s). All article content, except where

otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4983384]

Fusion power reactors will invoke nuclear conditions not experienced in current fusion research
reactors. Most notably will be the resultant neutron damage of structural and plasma-facing materials.
Laboratories across the world use heavy ion damage as a surrogate for neutron damage. This is
adequate for many studies, however tritium retention in neutron damaged tungsten has been shown to
be dramatically enhanced compared to ion-damaged tungsten.1 Because neutron damage is deeper,
and more homogeneous in nature, deuterium and tritium can be trapped at much higher concentrations
in the sample bulk. Additionally, recent experiments (although with somewhat contradictory findings)
by various research institutes have begun to investigate deuterium retention at more fusion-relevant
fluences,2,3 where samples were exposed to fluences> 1028 m-2. While these fluences are considerably
higher than what is conventionally accessible, the expected ITER fluence of⇠1030 m-2 is significantly
higher. In one of these high-fluence studies2 deuterium retention was found to scale with the square
root of exposure time, instead of saturating. Significant diffusion was expected and extra-thick samples
(8mm) were used to avoid diffusing deuterium through to the back side of the sample. The cases
of neutron damaged plasma-facing components (PFCs) and ultra-high particle fluences forebode
significant deuterium concentration in bulk PFC.

Relatively few techniques are utilized to assess deuterium retention in materials. Thermal des-
orption spectroscopy (TDS) is used to measure the deuterium products that are desorbed at elevated
temperature during controlled heating. Importantly, because TDS correlates desorption with temper-
ature, it is possible to correlate species emission with trap types, and in some cases TDS can be used
to elucidate the trapping energy of deuterium. In addition, TDS allows for an integral measurement
of the retained deuterium in the sample. Secondly, nuclear reaction analysis (NRA) provides depth
resolution,4,5 and, to a limited extent, lateral resolution, in quantifying the deuterium concentration
in PFCs. Typical NRA depth profiles extend to ⇠3-8 µm, with a depth step resolution on the order of
10-100 nm. Because NRA is generally considered a non-destructive analysis technique (deuterium
within the beam probing volume is eliminated via nuclear reactions), it can be performed in series

aCorresponding author email: chase.taylor@inl.gov

2158-3226/2017/7(5)/055305/6 7, 055305-1 © Author(s) 2017

 

 

 

 

 

 



X-ray photoelectron microscopy (XPS) and 
Scanning Auger electron spectro/microscopy (SAM) 

20 

•  XPS 
–  Technique 

•  Excellent chemical sensitivity. 
•  Expansive libraries.   
•  Capable of detecting elements, Li and 

larger.  
–  Specifications 

•  X-ray monochromator for high resolution 
XPS scans. 

•  Multiple x-ray sources. 
•  Sputtering ion gun for depth profiling. 

•  SAM 
–  Technique 

•  Excellent elemental sensitivity. 
•  Limited quantification.   
•  Rastering electron beam + Secondary 

electron detector = SEM 
–  Specifications 

•  LaB6 filament. 
•  Sputtering ion gun for depth profiling. 
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Digital microscopy 
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•  Technique 
–  Digital optical microscope 

•  Specifications 
–  20x – 2000x magnification 
–  3D profilometry 
–  Particle counting 

•  Complement other diagnostics by 
providing a quick high-mag look at 
surfaces.   
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INL MELCOR for Fusion Safety Code 

22 

‒  MELCOR an NRC code developed 
by SNL-NM and is fully integrated, 
engineering level thermal-
hydraulics computer code that 
models the progression of 
accidents in fission, including a 
spectrum of accident phenomena 
such as reactor cooling system and 
containment fluid flow, heat 
transfer, and aerosol transport 

‒  MELCOR for fusion has been 
modified to model fusion reactors 
including fusion relevant coolants 
(PbLi, Li, FLiBe, He, etc.), material 
oxidation, etc. 

‒  A version of this code was used to 
license ITER 

M. Shimada (INL) | IAEA CRP 3rd RCM 
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MELCOR-TMAP Code Development 
•  A development effort to merge MELCOR and TMAP to create a more 

complete tool for analyzing fusion accidents began in 2015 

•  A paper describing the initial application of this code to a DEMO relevant 
water-cooled tungsten divertor has been published* 

Single trap test for un-irradiated tungsten. 
Simple eq.** predicts 220 h break through. 

𝑡  =   𝑥↑2   ( 𝑁↓𝑡 /2𝐷𝐶↓𝑠 )        
(𝑤ℎ𝑒𝑛  𝑥  ≪  √𝐷𝑡 )   

Surface heat and particle fluxes of 10 MW/m2 and   
5 × 1023 ions/m2-s, W thickness of 8 mm, water 
temp 150 °C, six trap findings from TITAN R&D and 
trap density associated with 0.3 dpa   

**Wampler, Nuclear Fusion, 49, 11502 (2009)   
*Merrill, et al., Fusion Engineering & Design, 109–111,  2016, 970-974 
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•  H, D, T, He (liquid metal) and H2, D2, T2, HT, 
DT, and HD (vapor) transport  equations 
were recently added to the MELCOR-
TMAP code 

•  An improved PbLi Equation of State was 
also developed and a SnLi EOS is under 
development 

•  An initial code version capable of modeling 
a fusion reactor with a tungsten divertor and 
a liquid metal cooled blanket is presently 
undergoing internal testing at INL. 

•   A paper on this code version will be 
presented at ISFNT-13, September 2017 

•  Future improvements under consideration 
are dust resuspension and explosion 
models and different coolants allow per 
given heat transport loop 

MELCOR-TMAP Code Development (CONT.) 
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PHENIX Task 3 (Tritium behavior in n-irradiated W) 
•  Challenges: 

–  Unavailability of high-flux 14 MeV neutron source. 
–  Unavailability of simultaneous neutron and plasma irradiation capability 

•  Research approach: 
–  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 
•  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.  

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

•  Neutron irradiation under US-Japan TITAN (2007-2012) & PHENIX (2013-2018): 
–  Neutron-irradiation with thermal neutron-shielding at RB* position in HFIR, ORNL 

•  500, 800 and 1100 °C irradiation temperature up to 1.0 dpa 
–  Deuterium plasma exposure in TPE, INL  

•  500, 800 and 1100 °C plasma exposure temperature 
•  > 1022 m-2s-1 D ion flux up to 1027 m-2 D ion fluence 

–  Post irradiation examination (PIE) at INL, SNL-NM, ORNL. 
•  Nuclear reaction analysis (NRA) for D depth profiling 
•  Thermal desorption spectroscopy for total D retention 
•  XPS, SAM, PAS, GD-OES for surface/bulk characterization. 
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Neutron energy spectrum with Gd thermal neutron shielding 
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Capsule design, specimen matrix and irradiation schedule 

•  RB19J capsule design 
–  Cost sharing with JAEA-ORNL F82H irradiation program (300 °C zone) 
–  500, 800, 1100 °C temperature zone for PHENIX tungsten irradiation 

•  Specimen matrix for PHENIX Task 3: “Tritium behavior in irradiated tungsten” 
–  D6TQ  :   6 mm OD, 0.25mm thick discs   : ~ x10 each temp. zone 
–  D6TH  :   6 mm OD, 0.5 mm thick discs (standard)  : ~ x80 each temp. zone 
–  D6T1  :   6 mm OD, 1.0 mm thick discs   : ~ x10 each temp. zone 
–  D10TQ  : 10 mm OD, 0.25 mm thick discs   : ~ x15 each temp. zone 
–  D10TH  : 10 mm OD, 0.5 mm thick discs   : ~ x10 each temp. zone 

•  RB19J irradiation completed 
–  Started: Cycle 466 (June, 2016) 
–  Ended: Cycle 469 (December, 2016) 
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3 RB19J Design and Loading List 

Capsule Design Layout 
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1200C 
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8 RB19J Design and Loading List 
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Outlines 
•  Motivation 

•  Progress on D retention in neutron-irradiated tungsten 
–  TDS and NRA in HFIR neutron-irradiated single crystal tungsten 
 

•  Status update 
–  Tritium Plasma Experiment (TPE) Upgrade 
–  Surface/bulk diagnostics upgrade for low activation & tritium 

contaminated samples at STAR facility 
–  TMAP integration into MELCOR Fusion 
–  RB* neutron irradiation with thermal neutron shielding under PHENIX 

•  Future plan 
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Neutron-irradiated W specimen exposed to TPE 
•  Displacement damage vs. irradiation temperature 

–  TITAN (’07-’12) focused on low temperature (<500°C) high dose (<< 1 dpa) in pure W 
–  PHENIX (’13-’18) aims at high temperature (>500°C) high dose (> 1 dpa) in W and W alloy 
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PIE plans in PHENIX Task 3 
1)  PIE at ORNL (sharing data from Task 2)  

–  Positron Annihilation Spectroscopy coincidence lifetime (PAS-CL) for defect 
characterization  

–  Transmission Electron Spectroscopy (TEM) for defect characterization 

2)  PIE at STAR, INL 
–  Plasma-driven D/T/He implantation with TPE for D/T/He implantation 
–  Gas-driven T permeation with TGAP for T permeation 
–  Deuterium gas exposure with SGAS for D absorption 
–  PAS Doppler broadening measurement (PAS-DB) for defect characterization  
–  Thermal desorption spectroscopy (TDS) for total D/T/He retention measure’t 
–  X-ray photoelectron spectroscopy (XPS) for surface chemical state 
–  Scanning Auger Microscopy (SAM) for surface elemental composition 
–  Glow discharge optical emission spectroscopy (GD-OES) for depth profiling 

3)  Nuclear reaction analysis (NRA) at SNL-MN (Bill Wampler) 

4)  Supporting PIE at JA Oarai Center 
–  PAS-DB, PAS-CL, Compact Divertor Plasma Simulator (CDPS), TDS etc. 
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PIE plans in TPE under PHENIX Task 3 
•  TPE experimental condition: 

–  ne,max  0.5×1019 m−3   è   > 1.0×1019 m−3 (plan *1) 
–  Γmax   0.5×1023 m−2 s−1   è   > 1.0×1023 m−2 s−1 (plan *1) 
–  qheat  < 1.0 MW m−2   è   > 1.0 MW m−2 (plan *1) 
–  Tsample  < 700 °C    è   up to 1100 °C (plan *2) 
–  Eion  up to 600 eV     
–  Plasma species:  He, D, T 

•  PIE plans *3 
–  D6TH specimens (Task 3 standard specimen)      

•  Temperature (500-1100 °C), ion flux (1e22-1e23 m-2s-1), ion fluence (1e26-1e28 
m-2) dependence on plasma-driven D/T/He retention 

–  D6TQ, D6TH, and D6T1 specimens   
•  Thickness dependence on plasma-driven D/T/He retention 
•  Thickness dependence on gas-driven D retention 

–  D10TQ and D10TH specimens 
•  Thickness dependence in gas-driven T permeation  

NOTE:  
*1) New source holder was designed based on UCSD PISCES-A, and is being fabricated at INL. 
*2) New sample holder is being designed based on UCSD PISCES-A. 
*3) Actual test matrix will be determined based on the number of intact HFIR irradiated samples after 
its shipment to INL. 
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Future Directions in FSE Research 
•  Strategy based on FES guidance and 2013 FES Peer Review Comments 

–  Materials Research: Fusion materials, including tungsten irradiated, will be 
studied at high temperature and heat flux to measure tritium retention and 
permeation.  Dust explosion measurements for fusion materials will 
continue in support of licensing and computer code development activities. 
New material diagnostics. 

–  Code Development: for the near term, a newer version of  MELCOR for 
ITER will to be completed that includes tritium transport and dust explosion 
models.  Long- term: Multi-dimensional safety code capabilities needs to be 
developed that take advantage of parallel computing (example RELAP 7) 

–  Risk and Licensing: FSP’s evolving failure rate database will be expanded 
to include maintenance data from existing tokamaks. Risk-informed safety 
analysis methods (example RISMC Toolkit) will be studied for application to 
an FNSF.  Continue ASME codes and standards and licensing framework 
development. 

–  Collaborations: Participation in existing collaborations to leverage other 
institution's capabilities and reduce duplication of effort.  STAR will move 
towards being more effective FES User Facility. 
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