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Tritium safety R&D: In-vessel tritium source 
• To minimize the uncertainty in in-vessel tritium 

source term assessment for ITER D-T and beyond.  
– Our challenge is to understand synergy of multiple separate 

effects on tritium retention in D-T operation 
–  “hydrogen isotope loading” 
–  “helium loading”  and   
–  “neutron-irradiation effects” 

•  Radiation damage 
•  Gas and solid transmutation by neutron 

– Our research approach is to perform sequential separate 
effect experiments. 

–  International collaborations & programs on these topics: 
•  US-Japan PHENIX program (Apr. 2013 – Mar. 2019) 
•  IAEA Coordinated Research Program on irradiated tungsten (Nov. 

2013 – Oct. 2018) 
•  IEA IA Environmental, Safety and Economic Aspects of Fusion 

Power (ESEFP) Task 1. 
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the P-axis (cf. fig. 3) while the functional dependence 
of the permation rate on pressure remains unchanged. 

A least-squares fit of the lower pressure data (from 
1.3 X 10e7 - 2.3 X 10M6 Pa) to a half-order depen- 
dence on pressure yielded an activation energy for per- 
meation of 13 .S kcal/mol. This result is in good agree- 
ment with that reported by Louthan [23] at much 
higher pressures. A similar tit of the data at higher 
pressure (5.3 X low6 - 2.3 X lo-’ Pa) to a first order 
dependence on pressure gave an activation energy of 
14.7 kcal/mol. The increase is not surprising since the 
rate-limiting step in the permeation process has clearly 
changed (cf. section 5 below). 

Fig. 4 is a plot of the present data together with 
those of other investigations who have studied hydro- 
genie gas permeation through 304 stainless steel. The 
highest pressure data (0.1 to 0.3 KPa) are those of 
Louthan [23] who measured deuterium permeation 
on samples with a thin surface coating of lithium deu- 
teride to maintain a reducing environment for the sur- 
face of the metal. Medium pressure data on the figure 
are those of Kuehler [24] who measured hydrogen 
permeation in the range from 0.026-2.6 Pa. Where 
applicable, the data of these investigators have been 
corrected to 723 K and to a membrane thickness of 
0.5 mm. These data were further normalized to tritium 
by adjusting for the isotopic mass effects on permea- 
tion. Thus, for example, Kuehler’s hydrogen data were 
multiplied by 4; Louthan’s deuterium data were 
multiplied by 3. 2 

Fig. 4. Permeation rates of hydrogenic gases through 304 
stainless steel as measured in three different studies. Results 
have been normalized for isotopic effects and differences in 
sample thicknesses. 

5. Discussion 

The shape of the experimental curve of fig. 4 bears 
a striking resemblance to the pressure-dependent per- 
meation predicted by a model that was first proposed 
by Strehlow and Savage [25]. The essence of the model 
is that the surface of any real permeation membrane 
will be coated with a cracked or semiporous layer. 
Molecules that impinge upon the surface may either 
(1) diffuse through the coating, and thence through 
the metal lattice, or (2) pass directly through the 
cracks or pores to the metal surface. 

In the former case, the attendant permeation rate 
may depend on either the first- or half-power of 
driving pressure, depending on which process of that 
path is rate-limiting; in the latter, always the half- 
power *. Two parallel paths thus exist, each of which 
might be assigned a characteristic “resistance” to per- 
meation. Accordingly, Strehlow and Savage propose 
an analogy to a series parallel, resistive network where 
the permeation flux is analogous to electrical current 
and the pressure differential is analogous to potential. 
An adaptation of the equivalent circuit presented in a 
fuller treatment of the model [26] to the notation of 
the present paper is shown in fig. 5. R, is the resistance 
per unit area of the coated material, RM that of the 
metal beneath the coating, and RD that of the fraction 
of uncoated metal. In terms of M, the fraction of un- 
coated metal (usually <<l), and with P, >> Pz: 

R D = P:‘2/MJ, 

RM =P’1’2/(1 -M)J 

(5) 

(6) 

and 

R, =x/(1 -M)(W), (7) 

where J is the flux through bare metal [cf. eq. (l)]; 
K and D are the solubility and diffusivity, respectively, 
of the permeating species in the coating; and x is the 
thickness of the coating. P’ is an hypothetical “pres- 
sure” at the interface between the coating and the 
metal. 

* Except, of course, in the extreme lower limit of driving pres- 
sure where the rate-limiting process is chemisorption (cf. fig. 
0 
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Fig. 5. Series-parallel resistive network, analogous to the 
permeation of hydrogenic gases through a defect-riddled 
coating on a metal surface, after Strehlow and Savage [25]. 

The respective partial fluxes are: 

JD = Rfj’P:‘2 , (8) 

JM =R$‘P”12 , 

and 

(9) 

Jo = R,‘(P1 - p’), 

and the total flux is given by 

(10) 

JT =J,, +JM. (11) 

The resistances defined by eqs. (5-7) are each 
capable of being the rate-limiting step, and hence of 
being dominant in a particular pressure region. Since 
eq. (10) is a much steeper function of pressure than 
eq. (8) or (9) then at low pressure eq. (11) must 
approach. 

JT = RD1P;‘2, 

and, at high pressures, becomes 

(12) 

JT = (Rb’ + R$)P:‘2, 

which is eq. (1) identically. 

(13) 

Eq. (10) clearly controls the transition between 
the two limits defined by eqs. (12) and (13). 

The overall permeation behavior through a metal 
membrane is shown qualitatively in fig. 6. The model 
predicts half-order pressure dependence at high-to- 
moderate pressures. As the driving pressure is reduced, 
the rate-limiting step becomes transport through the 
coating with first-order pressure dependence. As the 
pressure is further reduced, transport through the 
cracks and pores becomes rate-limiting, and hence 
the pressure dependence should return to half-order. 
The ultimate low pressure limit is, of course, disso- 
ciative chemisorption which is first order [7-l 11. 

The two major parameters of the model are the 

I 

LOG P 

Fig. 6. Overall permeation behavior of hydrogenic gases 
through metals. PT is the transition pressure between metal- 
limited and film-limited permeation. 

quality factor, M, and the film thickness x. Varying x 
produces a series of film limitation asymptotes, paral- 
lel to the one on fig. 6: decreasing x moves the asymp- 
tote to the left; and at 0 thickness of course, the 
asymptote coincides with the curve for a clean surface. 

The effect of varying the film quality factor is 
shown in fig. 7, which was adapted from [25]. Varying 
M produces a series of defect-limited asymptotes which 
are parallel to the one in fig. 6. If the film were free of 
defects, pore film behavior would occur, cf. the M = 
0 line on fig. 7. 

Strehlow and Savage [25] do not emphasize the 
role of the film quality factor in determining the 

r 

LOGP 

Fig. 7. Permeation of hydrogenic gases through metals in the 
transition region between film-limited and defect-limited 
behavior. M is the fraction of the surface that is uncoated. 
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Tritium safety R&D: Ex-vessel tritium release 
• To minimize the uncertainty in ex-vessel tritium 

release assessment for ITER D-T and beyond.  
– Our challenge is to understand synergy of multiple separate 

effects on tritium permeation in D-T operation 
–  “low tritium partial pressure” 
–  “hydrogen effects”  
–  “surface effects” and 
–  “neutron-irradiation effects” 

•  Radiation damage 
•  Gas and solid transmutation by neutron 

– Our research approach is to perform sequential separate 
effects experiments. 

–  International collaborations & programs on these topics: 
•  US-Japan PHENIX program (Apr. 2013 – Mar. 2019) 
•  KO NRFI-UCLA-INL collaboration Phase I (July 2013 – July 2016) 
•  KO NRFI-UCLA-INL collaboration Phase II (July 2016 – July 2020) 
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Outlines 
• Motivation of PMI research at INL 

• Upgrade in PMI research capabilities at STAR 
 
• Recent research progress at STAR 
 
• Future plans 
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TPE upgrade 
•  A decision was made in FY2013 to set up new power 

supplies and the control room outside of PermaCon/CA in 
order to enhance operational worker safety. 

•  In November 2015, the TPE achieved its first deuterium 
plasma using the new control center outside of the CA 
after a significant three-year upgrade. 

M. Shimada (INL) | Fusion Material Workshop | Idaho Falls, ID 6 
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Development of new plasma source 
• A new plasma generator is being developed 

based on the UCSD PISCES plasma source 
• The objective is to be able to meet ampacity 

requirements with the new power supply 
– 125% x 750 A (maximum current of PS#1) =937.5 A 
– Utilize a water-cooled Cu bus conductor to minimize size  
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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 
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Improvement in plasma diagnostics in TPE 
•  List of plasma and tritium diagnostics in TPE 
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permeation rate in helium purge gas stream with the detection capability of 1 parts per trillion (ppt) 

tritium gas in helium.  

Table 1: Plasma and tritium diagnostic capabilities in the TPE 

Diagnostics in the TPE Tritium detection 

Single probe Langmuir probe                     
(ϕ=1 mm, L=2mm) Noa 

Fixed range high-resolution spectrometer  
(Ocean Optics HR-4000, 580nm <λ< 680nm) Yes 

Czerny-Turner spectrometer  
(Andor Tech. Shamrock 750, 750mm, f/9.7) with 
1024x255 pixels CCD  
(Andor Tech. DU420A-BV) 

Yes 

Tritium ion chambers                                                
(Tyne Engineering 10 cc and 1000 cc ion chamber) Yes 

Plasma-driven permeation system  
with 1000 cc ion chamber                                            
(Tyne Engineering 1000 cc ion chamber) 

Yes 

a Langmuir probe is compatible with tritium use, but is not capable to distinguish tritium ion density 
in mixed plasma condition.  The TPE do not operate with 100 % pure tritium plasma for safety and 
inventory reasons.  

 

3.2 Improvements in surface diagnostic capabilities at the STAR 

In addition the efforts to improve surface diagnostics capabilities for tritium-exposed and 

radioactive samples are being carried out at the STAR facility. Surface diagnostics capabilities for 

tritium-exposed and radioactive samples at the STAR are summarized in Table 2. Thermal 

desorption spectroscopy (TDS) system is equipped with standard (1-100 amu) and high resolution 

(1-6 amu) quadrupole mass spectrometers (MKS Instrument, eVision+ and IP Microvision) to 

distinguish small mass difference between He (4.0026 amu) & D2 (4.0282 amu), and measure total 

retention of He and D2 with linear temperature ramp rate (10-60 °C/min) up to 1100°C. This 

diagnostic has been providing important database in deuterium retention in neutron-irradiated 
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Fig. 1. Cross section of circular TPE membrane holder (left) showing cooling chan-
nels (blue) and helium carrier gas (red). The membrane is sealed using a Grafoil
gasket. The spiral helium channel is visible in the end-on view on the right side.

the tritium beta decay. In addition, incident plasma ion fluxes up to
(2–3) × 1022 D m−2 s−1 can be obtained with energies determined
by the sample bias (∼100 V). These conditions are much more rep-
resentative of a tokamak divertor, and can be varied to simulate
first wall conditions.

To measure tritium permeation under these high flux/low
energy conditions, we have designed and fabricated a membrane
holder for TPE which provides for capture of the permeating tri-
tium flux in a helium carrier gas. Initial experiments will examine
tungsten materials, although first wall materials can also be stud-
ied. The following discussion includes an evaluation of the expected
tritium flux, design of the permeation holder, membrane seal test-
ing, and flow and thermal modeling for the apparatus. A discussion
of integration into the TPE experiment is also included.

2. Estimation of permeation flux

To evaluate the expected permeation flux in TPE, an estimate
can be made by scaling permeation fluxes found in ion beam
experiments. The following range of permeation flux estimates
in tungsten is made using data from the HiFIT [6] experiment
at Osaka University (incident D ions and D-He ions at 300 and
1000 V). In those experiments, the permeation flux varied between
1010 D cm−2 s−1 up to 1013 D cm−2 s−1. The exposed sample area
in TPE (diameter 2.2 cm)  is 8× larger than in HiFIT, however, the
thickness of the membranes will be 4–10× thicker (100–300 !m).
To first order, these effects cancel (assumes diffusion limited per-
meation). There is also a smaller range for the lower energies on
TPE (3×  for 200 vs. 1000 V), which is neglected here. TPE can be
expected to have an incident plasma ion flux 100× larger than the
HiFIT experiment (HiFIT was 1020 D m−2 s−1), but there will also
be a reduction in the detection rate for the typical 1% T used to
fuel TPE plasmas. So to lowest order, we can use the HiFIT per-
meation currents (here converted to Curries of T): 2.4 × 10−10 Ci/s
up to 2.4 × 10−7 Ci/s. For a 1000 cc ion chamber (Tyne Engineer-
ing Model 7002) with 1000 sccm He carrier gas flow, this gives
a 60 s resonance time and activity levels (1.5 × 10−5 Ci/m3 up to
1.5 × 10−2 Ci/m3) within the 4 decade range of the single range
detector (1 !Ci/m3 up to 10,000 !Ci/m3). A decrease of the He car-
rier gas flow can be used to increase the sensitivity.

Measurement of the permeation flux is a steady state mea-
surement, however, breakthrough times can vary widely due to
trapping effects. Previous measurements of T permeation on TPE
were complicated due to the long time needed to achieve steady
state [7]. Trap filling effects in future experiments will be mini-
mized by using thinner foils and higher operating temperatures.
HiFIT breakthrough times were as high as 104 s [6].

3. Membrane holder design

Design considerations used for the membrane holder shown
in Fig. 1 were derived from operation of a gas driven perme-
ation system at Sandia California and development of a high

Fig. 2. Measurements of helium leak rate during gasket sealing tests (400 and
760 Torr).

temperature retention stage for TPE. The membrane is captured
between a threaded molybdenum cap and gasket seal/Inconel 600
head. Cooling fluid (water/gas) and the He carrier gas are supplied
through annular flow channels from outside the TPE chamber to
the head (also made from Inconel). A spring loaded thermocou-
ple enters through the central hole for downstream access on the
membrane (here downstream refers to the permeating T path).
Membrane heating is solely due to the plasma flowing from the
right side in the figure, however, a high pressure bellows and screw
drive (not shown) provide for axial positioning of the cooled spiral
channel downstream of the sample. Cooling fluid indicated by blue
in the figure enters from the left at the smaller radius and returns
at a larger radius. The design allows for a compact head, which
projects through an insulating ceramic standoff (for biasing in rela-
tion to the TPE plasma) and also through a molybdenum annular
shield (limits the plasma stream around the head).

To limit tritium uptake on interior surfaces, the He carrier gas
will contain a small amount of hydrogen (to fill surface sites). Water
vapor must also be controlled by baking the interior volumes and
use of a cold trap or filter. Where possible, copper lines are also
used to reduce tritium trapping by water induced oxidation.

4. Gasket sealing

An evaluation of the gasket sealing was  performed to determine
if the He carrier gas leakage into the TPE chamber would be accept-
able. At present, the exhaust gas from the TPE chamber is pumped
through a turbo molecular pump and sent to a U-bed for capture.
Since helium is not pumped by the U-bed, an overpressure of He gas
is expected to increase during a typically 8 h run. A 0.75 mm thick
Grafoil gasket sealed the sample (25.4 mm diameter) to a 3.3 mm
wide annulus on the head. Tightening of the Mo  nut to 20 ft.-lbs.
(2.8 kg m)  allowed for easy removal following extensive testing in
a vacuum oven (∼200 h at elevated temperatures).

As Fig. 2 shows, the leak rate at room temperature decreased at
higher temperatures as the head expanded (Inconel expands more
than the molybdenum). Using the worst case (7 × 10−4 Torr l/s),
this leak rate corresponds to 0.5% of the low-end deuterium fueling
rate used in TPE (10 sccm). The resulting He partial pressure would
be 10−6 Torr. Using this He flow over 8 h, a helium sequestration
test was  performed on TPE. The high (2 × 107) compression ratio of
TPE’s pump prevented above nominal gas pressures from occurring
in the TPE vessel.

Helium leaking into the TPE chamber could also be ionized and
result in a mixture of ion species incident on the permeation mem-
brane. However, an estimation of He ionization [8] with the low He
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Fig. 3. CFD simulations of He carrier gas flow for 1000 sccm. The top figure (a) shows
the polyhedral cells with 3 prism layers and the bottom figure (b) shows a cutplane
illustrating the resulting ∼3 m/s  flow magnitude.

partial pressure and low electron energies measured in TPE would
limit this flux to He+/D+ ≪ 6 × 10−5.

Upon cooling from the above tests, the additional compres-
sion of the Grafoil gasket did not relax, which resulted in a much
increased leak rate. For integration in TPE (see Section 6), the
TPE pressure rise will be monitored and cutoff valves used with
pumping to protect the primary TPE pumping system.

Also of concern is that the background tritium gas in the TPE
chamber (1% of 10−3 Torr typical) could leak the opposite direction
through the seal and be detected as a false permeation signal by
the helium carrier gas. Using the above measured He leak rate and
assuming a linear dependence on pressure, this T flux, however,
can be estimated and shown to be ∼2 × 10−11 Ci/s (which is well
below the expected T permeation found in Section 2).

5. Membrane holder modeling

To evaluate the design shown in Fig. 1, computational fluid
dynamics (CFD) simulations of the He carrier gas flow and heat
transfer were performed using a commercial code (CCM+ [9]). This
multi-physics code is capable of advanced CFD and conjugate heat
transfer calculations in addition to elastic stress analysis. Meshing
of the full 3-d design, including the spiral He carrier gas channel
was performed for these calculations.

5.1. He carrier gas flow

Meshing of the annular in/out flow and spiral sweep region
downstream of the membrane (631k polyhedral cells) was car-
ried out to determine if a significant pressure drop would occur
across the permeation experiment for the 1000 sccm flow con-
dition (3 mg/s He). The mesh shown in Fig. 3a captures the
detailed cell structure used in the simulation and the resulting flow

intensity (Fig. 3b). A smooth spiral flow condition (vectors not
shown) of about 3 m/s  was  obtained with minimal pressure drop
(0.1 psi, or 700 Pa). To simulate the pressure drop with the actual
temperature distribution of the head will require a more complex
model, although the obtained small pressure drop is encouraging.
This is well below the pressure rating of the high pressure bellows
(20 psig).

5.2. Membrane holder heat transfer

Heat transfer through the permeation holder was  also modeled
using CCM+ by meshing the solid component geometry and esti-
mating incident heat flux by ions during biased operation. These
calculations also included radiation through the He carrier gas,
which enhanced the heat transfer at high temperatures. Using the
highest TPE ion flux (2.5 × 1022 D m−2 s−1) and −200 V membrane
bias, a 0.8 MW/m2 heat flux over the target was determined as a
reference case. Note that at this highest ion flux, some peaking
of the flux occurs, so the molybdenum cap was modeled using ½
of the nominal value (only for this condition) [1]. Thermal con-
tact between the molybdenum cap and the threaded head was
modeled using the thread engagement area (for 1.125 inch dia. –
16 threads/inch) and a value of 10−3 m2K/W contact resistance.
Due to use of the gasket, thermal contact between the membrane
and the Inconel head is considered to be poor (set to 0). The
membrane–cooling fin gap was determined from fabrication toler-
ances for the head, molybdenum cap, and membranes (all ±25 !m)
at a conservative 75 microns. Membrane thickness was fixed at
1 mm,  which is most challenging in terms of heat removal. Position-
ing the head to contact the membrane is possible, as is deformation
of the membrane due to heating, but not considered here. Cooling
was provided by 10 gpm (0.63 kg/s) water flow at an inlet temper-
ature of 300 K.

Fig. 4a shows a cross section for the reference heat flux condi-
tion. An axial temperature gradient is observable in the head due
to the downstream side cooling, while the membrane tempera-
ture approaches 1000 ◦C. The spiraling helium carrier gas appears
yellow (∼750 ◦C), and aides in conduction of heat to the cooled
Inconel head. The head temperature remains well below the mem-
brane temperature, thus limiting tritium gas permeation through
the cylindrical walls of the membrane holder. In Fig. 4b, a line scan
through the membrane diameter is shown (200 microns below the
plasma facing surface), with average value of about 945 ◦C and uni-
formity of ±15 ◦C. The temperature variation through the perme-
ation membrane thickness (along the centerline) is shown in Fig. 4c.
The heat flow through the membrane is dominated by axial flow
into the helium carrier gas. A simulation at half power (0.4 MW/m2)
exhibited a similar profile shape, however, the surface temperature
variation was  only half that at full power. The water velocity for the
case shown reaches 12–15 m/s, but there is significant stagnation
in the corners of the turnaround region (flow not shown).

To examine the dependence of permeation membrane temper-
ature on input power, the above model was  used to run CCM+ for
a range of incident heat fluxes, with the water cooling flow held
constant (same value as used for Fig. 4). The calculation shows (see
Fig. 5) a smooth increase of membrane temperature with incident
power. Incident power can be varied through either changes in
plasma flux or by changes in the membrane bias voltage, however,
permeation is expected to not be a strong function of temperature
(assumes diffusion limited permeation).

6. Membrane holder integration in TPE

The permeation membrane holder will require cooling water
or cooling gas from the TPE systems. For water cooling at the

Ref: D.A. Buchenauer et.al., FED 89 (2014) 



Improvement in surface diagnostics 
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Table 2: Surface diagnostic capabilities for tritium exposed and radioactive samples at 

the STAR 

Diagnostic at the STAR facility Handling tritium 
exposed sample  

Handling radioactive 
samplef 

Thermal desorption spectroscopy with 1-100 amu 
and 1-6 amu quadrupole mass spectrometers      
(MKS eVision+ and IP Microvision)  

Yes Yes 

Positron annihilation spectroscopy with  
a single high-purity germanium (HPGe) detector      
(Ortec GMX series) 

Yesa Yes 

Optical microscope (Nikon Optiphot-100) with  
2D CCD camera (PAXcam) Yes Yes 

Liquid scintillation counter                
(Beckman LS6500) Yes Nob 

Imaging plate reader  
(Fujifilm FLA-7000) Yesc Yesd 

Scanning Auger microscope                    
(Perkin Elmer PHI 660) Yesa Yes 

X-ray photoelectron spectroscopy            
(Perkin Elmer PHI 5400) Yesa Yes 

a Surface tritium contamination of sample must be reduced to less than 10,000 dpm/100 cm2.  
b Contamination with radioactive material other than tritium must be avoided in tritiated liquid.  
c Typically a single layer of protective film is inserted between highly tritium contaminated sample 
(> 10,000 dpm/100 cm2) and imaging plate to minimize tritium contamination of imaging plate.  
d Beta and gamma background from radioactive sample must be comparable or smaller than the beta 
signal from implanted tritium for tritium detection use.  

f Radioactive material must be contamination free, and its dose rate must be less than 100 mR/hr at 
30 cm. !

He 
D2 

β+ 

   

   

511 keV 

511 keV 

•  List of diagnostics for tritium and radioactive samples at STAR 

 
•  Improvement in plasma/surface diagnostics capabilities 

at STAR is currently one of FSP’s focus areas to advance 
fusion nuclear science and to become a key facility to 
strengthen tritium science for DOE SC FES. 



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 
–  Arriving late FY16 

•  X-ray photoelectron spectroscopy 
–  Surface sensitive chemical analysis 
–  Excellent for quantification 
–  Particularly useful for surface effects related to permeation 
–  Arriving FY17 

•  Scanning Auger electron spectroscopy 
–  AES provides elemental characterization 
–  Scanning mode allows for microscopy 
–  Arriving FY17 

NOTE: all three diagnostics will be capable of handling low 
activation and tritium-exposed materials. 
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Glow discharge optical emission spectroscopy  
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Made possible by generous support  
from INL Nuclear Science & Technology (NS&T) directorate 

Will be delivered to STAR by Sept. 2016 



X-ray photoelectron microscopy 
•  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. 

M. Shimada (INL) | Fusion Material Workshop | Idaho Falls, ID 13 

Currently located at the INL Research Center, 
and being relocated to the STAR facility 



Scanning Auger electron spectro/microscopy 
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•  Technique: AES 
–  Excellent elemental sensitivity. 
–  Limited quantification.   

•  Technique: SAM 
–  Rastering electron beam + 
–  Secondary electron detector =  
–  SEM 

•  Specifications 
–  LaB6 filament. 
–  Sputtering ion gun for depth 

profiling. 

Currently located at the INL Research Center, 
and being relocated to the STAR facility 



Outlines 
• Motivation of PMI research at INL 

• Recent modification/improvement at STAR 
 
• Recent research progress at STAR 
 
• Future plans 

 

M. Shimada (INL) | Fusion Material Workshop | Idaho Falls, ID 15 



Recent progress in In-vessel tritium source study 
•  1st TPE plasma exposure to single crystal tungsten (SCW) 

–  HFIR irradiation conditions for sample ID: W53 
•  Estimated irradiation temperature:   400 °C  (673K) 
•  Fast neutron flux:    0.52 x 1025 n/m2 (E > 0.1 MeV) 
•  Displacement damage:    0.1 dpa 
•  Orientation     (100) 

–  TPE plasma condition of 0 dpa and 0.1 dpa SCW (100) sample 
•  Sample size:     4.0 x 4.0 x 0.5 mm3 
•  Hydrogen isotope:    deuterium 
•  Plasma exposed area:    π(3.88)2 mm2 
•  Plasma exposure temperature:    400 (±10) °C  (673K) 
•  Ion flux density :    7.2 (± 0.1) x 1021 D/m2-s1   
•  Ion fluence:     5.2 (± 0.1) x 1025 D/m2  
•  Plasma duration:    2 hr (7200 sec) 

–  TPE plasma exposure temperature was kept similar to HFIR irradiation 
temperature 

–  Ion flux and plasma duration (consequently ion fluence) were determined by 
recent experience with new TPE power supply system. 
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1st thermal desorption from SCW 
•  1st TDS measurement from single crystal tungsten (SCW) 

–  Thermal desorption spectroscopy (TDS) conditions: 
•  Ramp rate:      10 °C/min (0.166K/sec) 
•  Maximum temperature:    900 °C (1173 K) 
•  Holding duration at max. temp.:   30 min (1800 sec) 

•  Profound effect of neutron-irradiation on deuterium behavior in SCW 
M. Shimada (INL) | Fusion Material Workshop | Idaho Falls, ID 17 
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1st thermal desorption from SCW 
•  1st TDS measurement from single crystal tungsten (SCW) 

–  Thermal desorption spectroscopy (TDS) conditions: 
•  Ramp rate:      10 °C/min (0.166K/sec) 
•  Maximum temperature:    900 °C  (1173 K) 
•  Holding duration at max. temp.:   30 min (1800 sec) 

•  Profound effect of neutron-irradiation on deuterium behavior in SCW 
•  NOTE: Experimental conditions (flux and temperature) were different 
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Figure 4. (a) Near-surface (0–5 µm) deuterium retention and (b) total deuterium retention at three different plasma exposure temperatures
(100, 200 and 500 ◦C).

TPE exposure, indicating the saturation of trap site at the near
surface (<3 µm). It is interesting to note that the deuterium
penetration depth increased slightly from 0.025 to 0.3 dpa in
figure 1(a) despite the fact that the plasma duration was shorter
for the 0.3 dpa sample than that for the 0.025 dpa sample due to
the difference in ion flux (see table 1). The effective diffusivity
of deuterium decreases as the displacement damage increases,
and one may expect the deuterium penetration depth for 0.3 dpa
to be shorter than that for 0.025 dpa. This can only be explained
by the hypotheses that neutron-irradiation (e.g. transmutation
and radiation) reduces surface recombination or increases bulk
diffusion. Further study with the improved detection system
(by increasing the solid angle of the detection system) is
necessary to draw a final conclusion since the deuterium depth
profile at the deep region (>3 µm) has a larger uncertainty
in the existing NRA setup due to the small solid angle
detection system. Figure 1(d) also showed peculiar deuterium
depletion near the surface (<2 µm) in the 0.025 and 0.3 dpa
sample exposed at 500 ◦C. This could be deuterium desorption
during the cooling down phase since the post-exposure cool-
down takes about 10 min to reach room temperature. Further
experimental research with extensive modelling is necessary
to draw a final conclusion.

In figure 4, the comparison of near-surface (0–5 µm)
deuterium retention and total deuterium retention at two
different plasma exposure temperatures shows that the ratios
of total retentions to near-surface retentions were 10 and
7 for 0.025 dpa and 0.3 dpa, respectively, indicating that
deuterium was migrated and trapped up to 50 µm and 35 µm
for 0.025 dpa and 0.3 dpa, respectively at 500 ◦C when a
uniform deuterium concentration is assumed. The peak
temperature shift in figure 3(b) also explains the shorter
penetration depth (∼35 µm) for 0.3 dpa than that (∼35 µm)
of 0.025 dpa. This is based upon one set of experimental
campaigns; therefore, further experimental data and extensive
modelling are necessary to confirm this deep migration and
trapping.

Understanding defect recovery and microstructure change
with a similar neutron energy spectrum is a key to
revealing the trapping mechanism(s) of deuterium in low-
dose HFIR neutron-irradiated tungsten. While defect
recovery and microstructure studies from high-energy ion
bombardment provided valuable information in tungsten
[5–12], our previous study showed that it is challenging
to compare bulk retention in neutron-irradiated tungsten
with near-surface retention in ion-damaged tungsten due
to the large discrepancy in PKA energy spectrum and
damage rate, and shallow implantation depth [16]. We
discuss our experimental results with defect recovery and
microstructure studies from a similar neutron energy spectrum.
Defect recovery of fission neutron-irradiated tungsten and
molybdenum, a similar high-Z bcc metal, has been extensively
studied with electrical resistivity measurements in the past
[24, 28–31]. Though microstructure research of neutron-
induced damages in tungsten has not been investigated yet,
the microstructure of molybdenum has been extensively
studied via transmission electron microscopy (TEM) and PAS
[28]. This TEM and PAS research in molybdenum helps
understand the radiation damage mechanism in tungsten, since
a comparison study of the recovery of neutron-induced damage
in tungsten and molybdenum showed very similar isochronal
resistivity recovery behaviours in terms of homologous
annealing temperature [29–31]. In [28], neutron-irradiation
in molybdenum was carried out at the identical irradiation
location (hydraulic tube facility) in HFIR at the identical
temperature (reactor coolant temperature), and it provided data
from a wider displacement damage range: from 0.000 072
to 0.28 dpa. The TEM and PAS observation showed that
low-dose HFIR neutron-irradiation produced predominantly
mono-vacancies at low-temperature in molybdenum below
0.3 dpa, and the number density of mono-vacancies saturated
to around 1024 m−3 from 0.01 to 0.3 dpa whereas the number
density of vacancy clusters (3 and 10 vacancies) kept increasing

7
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Summary of in-vessel tritium source study 
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•  INL has restarted the enhanced TPE to study tritium 
retention in neutron-irradiated tungsten under the US-
Japan PHENIX program. 

•  There is a profound effect of neutron-irradiation on 
deuterium behavior noted in neutron-irradiated single 
crystal tungsten.  TMAP modeling is under way to 
reveal de-trapping energy, deuterium penetration 
depth, and deuterium concentration. 

•  New surface diagnostics compatible with tritium and 
low activation material will help to reveal PMI 
mechanisms in fusion nuclear environments. 

•  US-Japan PHENIX program will provide > 100 neutron-
irradiated tungsten samples to help understand tritium 
behavior in fusion nuclear environments. 



Recent progress ex-vessel tritium release study 
•  Tritium – (1000 ppm) hydrogen – helium gas from TSS 

–  Newly constructed Tritium Supply System (TSS) provided:  
•  Similar hydrogen concentration in primary and secondary, and 

avoided counter permeation of hydrogen ( pH2
1 = pH2

2 ) 
•  Capability to change tritium concentration by a factor of 250 

–  Ion chamber provides JD
T and pHT since  pH2 >> pHT >> pT2  

–  Then tritium partial pressure can be calculated for H2+T2 çè 2HT 
•  pT2 = pHT

2 / (KHT*pH2) 

• Experimental conditions: 
–  Material:   20 mm OD KO Advanced Reduced Activation Alloy (ARAA) 
–  Thickness:  0.5, 1.0, and 2.0 mm 
–  Temperature:  400(± 5), 450(± 5), and 500(± 5) °C  
–  Primary gas:  (10-3 – 10-1 Pa) T2 – (99Pa) H2 – He at total pres. of 105 Pa 
–  Primary flow rate:  50(± 1) sccm  
–  Secondary gas:  (97Pa) H2 – He at total pres. of 105 Pa 
–  Secondary flow rate:  200(± 2) sccm  

Research under KO NRFI-UCLA-INL Phase I (July 2013 – July 2016) 
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Tritium permeation behavior at low pT2 and high pH2 
•  At low tritium partial pressure:   10-3 < pHT [Pa] < 10-1 
•  At high hydrogen partial pressure:   pH2 [Pa] = 103 
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D2 data at high p 

HT data at low p JD
T  ~ (pHT)1 

 

NOT surface-limited, but 
Diffusion-limited permeation  
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Tritium permeation behavior in RAFM 
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Summary of ex-vessel tritium release 
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•  INL developed experimental capability to measure tritium 
permeation fluxes in a wide range  
•  6 orders of magnitude in HT partial pressure 
•  12 orders of magnitude in T2 partial pressure 

•  The results experimentally revealed that tritium 
permeation behavior in low tritium partial pressure (< 10 
Pa) with 1000 ppm (0.1 %) hydrogen-helium gas mixture 
still follows diffusion-limited, square root (n=0.5) with T2 
partial pressure 

•  Tritium permeation fluxes were significantly reduced by 
the presence of hydrogen, which is beneficial for blanket 
safety.  

•  This system is capable of measuring tritium permeability 
in low tritium partial pressure (< 10 Pa) with 1000 ppm  
(0.1 %) hydrogen-helium gas mixture. 



Outlines 
• Motivation of PMI research at INL 

• Recent modification/improvement at STAR 
 
• Recent research progress at STAR 
 
• Future plans 
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Future plans for Fusion Material R&D 
• Tritium retention in neutron-irradiated tungsten 

– PHENIX RB-19J irradiation conditions: 
•  Three irradiation temperature zones: 500, 800, and 1100 C 
•  High neutron dose:  1.5 dpa 
•  Unique neutron irradiation with thermal neutron shielding to 

better simulate fusion neutron spectrum 

– TPE plasma exposure conditions: 
•  Plasma exposure temperature similar to irradiation 

temperature:  500, 800, and 1100 C 
•  Mixed plasma condition: D, T, and He plasma 
•  High ion flux density for DEMO condition: 1022 – 1023 D/m2-s1 

•  High ion fluence for DEMO condition: > 1026 D/m2-s1   
•  Focus on bulk and surface measurement to reveal key 

physics issues in a fusion nuclear environment.   
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Status of neutron-irradiated tungsten study 
 •  Irradiation dose vs. irradiation temperature 

– PHENIX program will focus on high temperature, high dose 
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Plans for neutron-irradiated tungsten study 
• Questions to be answered by PHENIX program: 

1.  Tritium retention in neutron-irradiated tungsten under 
mixed plasma (D, T, He) 
•  Especially if helium can reduce tritium migration and 

trapping in neutron-irradiated tungsten or not. 

2.  Trap density saturation above 1 dpa 
•  If trap density saturates ~ 1 at.% T/W above 1 dpa or not 

3.  Defect annealing at high irradiation and high plasma 
exposure temperature 
•  How much are defect/trap sites reduced at high temp.? 

4.  Microstructural changes and its effects on tritium 
behavior 
•  Tritium trapping mechanisms in different microstructures 
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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. 

28 

The National Nuclear Laboratory 
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