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Idaho National Laboratory (INL) and fusion safety 
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•  INL overview: 
–  Geographically, the largest lab in 10 multi-

program US national laboratories  

–  52 reactors were designed and built in Idaho 

–  The world’s first usable electricity from 
nuclear energy generated in EBR-I in 1951 

–  The nation’s lead laboratory for nuclear 
energy research and development   

•  Advanced Test Reactor (ATR) 
–  Light water moderated/cooled with Be 

neutron reflector 
–  Max: 250 MWth and Four Leaf Clover” 

design 
–  Materials and fuels testing, isotope 

production (e.g. 60Co) 

•  Safety and Tritium Applied Research 
(STAR) Facility 

–  Fusion safety and tritium research 

ATR 

STAR 

EBR-I scientists 

EBR-I 
(1951) 

ATR complex 

ATR 



STAR facility at Advanced Test Reactor Complex 
Comparison of site size: 
•  INL   

–  890 sq. mile 

•  Rhode Island 
–  1214 sq. mile    (0.73) 

•  Boston 
–  89.6 sq. mile       (9.9) 

NOTE: the number in the () is the ratio of the INL site to each site. 
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ATR 

STAR 



STAR facility is 
•  Supported by DOE SC Office of Fusion Energy Sciences  

•  Restricted to a facility total tritium inventory of less than 1.6 gram (15,390 
Ci), to remain below DOE Hazard Category 3 threshold 

     è  less than Hazard Category 3 Nuclear Facility 
–  Current tritium inventory is ~ 0.35 gram (~3500 Ci) 

•  Specializes in:  
–  Tritium (fusion fuel) 
–  Activated materials (neutron-irradiated tungsten) 
–  Advanced coolant (FLiBe, PbLi, He) 
–  Toxic material (Be) 

•  Containment strategy for hazardous materials:  
–  Ventilated enclosures and Laboratory hood for handling tritium 
–  Gloveboxes for handling beryllium, Flibe etc.. 
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Motivation of STAR research 
•  Investigate tritium related and non-tritium related experimental fusion safety 

research 
1.   Tritium related fusion safety 

•  In-vessel tritium source term  
–  Tritium retention in fusion materials 

•  Ex-vessel tritium release term 
–  Tritium permeation in fusion materials 

2.   Non-tritium related fusion safety 
•  Dust explosivity 

–  Beryllium dust 
•  Steam reactivity 

3.   Tritium related fission safety 
•  Tritium removal in molten salt ? 
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•   Designed to measure tritium behavior (e.g. retention and permeation) in activated materials 
with tritium plasma (e.g. tritium/deuterium ratio ~ (0.01-0.1) at divertor relevant ion flux 
condition 

•  Capable of testing neutron-irradiated (< 1 mSv/hr @ 30cm) specimens (W, RAFM steels, etc.) 

•  TPE is contained within double enclosure (PermaCon Box and Glovebox) 

•  Collaborations includes: US-JA TITAN collaboration (2007-2012), US-JA PHENIX 
collaboration (2013-2018), IAEA CRP on irradiated tungsten (2013-2018) 

Unique capabilities 

Tritium retention studies  
for fusion PFC development in Tritium Plasma Experiment 
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•  Designed to measure tritium transport properties (e.g. diffusivity, solubility, and permeability) 
in activated materials at realistic fusion sweep gas conditions (e.g. low tritium <10 Pa & 
hydrogen partial pressures < 1000 Pa, moderate < 700 C) 

•  Capable of testing liquid or ceramic breeder materials (e.g. PbLi, Li2TiO3, etc.) and disc 
shaped metal specimens (W, RAFM steels, etc.) 

Tritium absorption and permeation studies 
for fusion blanket development 

Unique capabilities 
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Hydrogen/deuterium absorption studies 
for fusion blanket development 
•  This static gas absorption system studies deuterium gas absorption in 

materials. It is located inside Laboratory fume hood for hydrogen safety. 
•  Unique capabilities 

−  Sub atmospheric absorption (< 0.1 MPa) up to 950 C 
−  Utilize three calibrated capacitance manometers (0.002, 1.3, 133 kPa) 
−  Capable of testing liquid or ceramic breeder materials (e.g. PbLi, 

Li2ZrO3, KO functional materials etc.) and PFC/structural material (W, 
RAFM steels, etc.) 

−  Capable of testing neutron-irradiated materials 
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Explosive dust evaluation 
for fusion vacuum vessel safety in ExCEED 

•  Developed for evaluating explosivity of mobilized beryllium dust for ITER VV safety 
(particularly in the presence of hydrogen generated by beryllium-steam reactions) 

•  Unique capabilities 
–  One-of-a-kind dust explosion chamber for toxic and hazardous dusts 
–   A 20 Kühner liter sphere, a standard device for dust explosion testing  
–  A typical measurement test series varies the dust concentration to identify the 

maximum pressure and maximum rate of pressure rise and the concentration at 
which these occur 

•  Future work may include combined hydrogen/dust explosions for fusion safety 
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Overview of JUPITER-II program (Apr. 2001 – Mar. 2007) 
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•  JUPITER-II  
–  Japan-USA Program of Irradiation/Integration Test for Fusion Research –II 
–  Six years (2001-2006) under the collaboration implemented between MEXT 

(Ministry of Education, Culture, Sports, Science and Technology) and US DOE 
•  Task 1: Self-cooled liquid blanket 
•  Task 1-1: FLiBe system 
•  (Task 1-1-A) FLiBe Handling/Tritium Chemistry 

–  Experimental work with FLiBe at STAR, INL for self-
cooled liquid blanket of a fusion reactor.  

–  Maintaining Flibe under a reducing atmosphere is a key 
issue to transform TF to T2 with a faster reaction rate 
compared with the residence time in blanket.  

–  The purpose of the task is to clarify whether or not the 
Redox control of Flibe can be achieved with Be through 
the following reaction.  

•  Be + 2 TF è BeF2 + T2 
 

•  (Task 1-1-B) FLiBe Thermofluid Flow Simulation 
–  Simulation work at U. of Kyoto and UCLA 

Reference:  
K. Abe, A. Kohyama, S. Tanaka, T. Muroga, C. Namba, S.J. Zinkle, and D.K. Sze “Summary Report of Japan-US Joint Project (JUPITER-II)” NIFS- PROC-71 (2008)  



JUPITER-II (2001-2006) 
Task 1-1-A:  FLiBe Chemistry Control, Corrosion, and Tritium Behavior 
 •  Molten salt handling and purification 

–  Developed Material Handling Protocol with Safety Emphasis 
–  Proved Effectiveness of Hydro-fluorination Purification 
–  Demonstrated Capabilities for Impurity Quantification 
–  Experimental procedure: 

•  BeF2 and LiF powders were dried and weighted to the mole ratio of 2:1 
•  Melted with helium gas purge first, and then with gas mixture of He, H2, HF at 

520°C to reduce inherent oxides 
•  The salt was transfered to another vessel through filtered through 60 µm metal 

mesh frit 
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3-1  Task 1-1-A: Flibe Handling/Tritium Chemistry 
(T. Terai, K. Okuno, M. Nishikawa, D.A. Petti, R.A. Anderl) 

 
3-1-1  Objectives of the Task 
 

Based on the key issues associated with the use of Flibe as a coolant in a fusion 

blanket, the objectives of our work are:  

• to develop the capability to purify Flibe at the liter scale for use in the experiments;  

• to characterize tritium/deuterium behavior (e.g., solubility and diffusivity) in 

REDOX-controlled and non-REDOX controlled Flibe;  

• to characterize the magnitude and physio-chemical forms of material mobilized 

during an accidental spill of Flibe and to develop safe handling practices;  

• to develop a redox agent for use in Flibe in a fusion blanket;  

• to demonstrate the effectiveness of the redox agent in terms of structural material 

corrosion for fusion materials of interest using a simple dip specimens in small scale 

pot type experiments.  

 

3-1-2  Participants to the Task 

 

T. Terai, S. Tanaka, A. Suzuki, H. Nishimura (U. Tokyo), M. Nishikawa, S. Fukada, K. 

Katayama (Kyushu U.), K. Okuno, Y. Oya (Shizuoka U.), Y. Hatano, M. Hara (Toyama 

U.), A. Sagara (NIFS) 

D. A. Petti, G.R. Smolik, Michael F. Simpson, John P. Sharpe, R.A. Anderl (INL) 

Da-Kai Sze (UCSD) 

 

3-1-3 Research Highlights 

(a) Flibe purification 

 

The Flibe used in the JUPITER-II collaboration was prepared from reagent grade 

chemicals. Both the Be2F and LiF were listed as 99.9% pure based upon the metals 

Table 1 Impurities in ingredients and final salt 

O (ppm)  C (ppm)  N (ppm)  Fe (ppm)  Ni (ppm)  Cr (ppm)  

BeF2  5700  <20  58  295  20  18  

LiF  60  <2  78  100  30  4  

Flibe  560  10  32  260  15  16  
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JUPITER-II (2001-2006) 
Task 1-1-A:  FLiBe Chemistry Control, Corrosion, and Tritium Behavior 
 •  Mobilization studies 

–  Developed and Validated Transpiration System for Vapor Pressure Measurement of 
Molten Salts  

–  Measured FLiBe Vapor Pressure at Low-temperature range Relevant to Fusion Blanket 
Designs 

–  Experimental procedure: 
•  Mobilization test was performed with Ar, air, and moist air in inert gas glove box. 
•  (Ar test) conducted at 500, 600, 700, and 800°C with 25 sccm Ar flow 
•  (Air test) conducted at 500, 600, 700, and 800°C with 25 and 50 sccm air flow 
•  (Moist air test) conducted at 600, 700, and 800°C with 25 and 50 sccm moist air flow 
•  Both Ni and glassy carbon crucibles were used 
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content. The powders were dried and 

weighed to provide the mole ratio of 

2:1 and then purged with helium and 

melted. The salt was then purged with 

gas mixtures of He, H2 and HF at 520 

◦C to reduce inherent oxides in a pot.  

The salt was then filtered through a 60μm metal mesh frit during a transfer to another 

vessel. The impurities in the final product are given in Table 1. Measurements of 

beryllium and lithium in the final product ranged from 8.3 to 8.5 and 13.06 to 13.2 wt%, 

respectively. Although these are lower than the theoretical values of 9.04 and 14.14 wt%, 

the lithium to beryllium mole ratios of 2.01–2.06 are close to the targeted composition. 

This suggests that the weight-based discrepancies might be due to absorbed water or 

analytical biases. 

 

(b) Flibe mobilization experiment 

 

A key safety issue associated with Flibe 

is the mobilization of vapors and aerosols 

from accidental introduction of air, moist air, 

or steam to the molten salt. Mobilization tests 

were performed with argon, air and moist air 

using a classical transpiration apparatus 

designed for vapor pressure determinations.  

A schematic of the test system setup in an 

inert gas glove box is shown in Fig. 1.  Flibe 

salt was tested in argon at temperatures of 

500, 600, 700 and 800 ◦C at flow rates of 25, 

50 and 100 sccm. Nickel crucibles were used 

for most tests; however, some tests were also 

run in glassy carbon crucibles. Tests with dry air were run at these four temperatures with 

flow rates of 25 and 50 sccm. Tests in moist air were run at 600, 700 and 800 ◦C with flow 

rates of 25 and 50 sccm.  

The BeF2 and LiBeF3 partial pressures that were derived from the mobilized material 

Fig. 1. Transpiration test setup. 

Fig. 2. Total pressure over Flibe. 

Fig. 3. BeF2 pressure in various environments. 
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JUPITER-II (2001-2006) 
Task 1-1-A:  FLiBe Chemistry Control, Corrosion, and Tritium Behavior 
 •  Redox control 

–  Demonstrated active control of the fluorine potential in FLiBe/Nickel systems using 
metallic Be  

–  Proved the inhibition of FLiBe corrosion of Reduced Activation Ferritic Steel in static 
conditions 

–  Experimental procedure: 
•  The purpose of the task is to clarify whether or not the Redox control of Flibe can be 

achieved with Be through the Be + 2 TF è BeF2 + T2  reaction 
•  HF was bubbled with He and H2 through FLiBe with various concentration of 

dissolved Be (cylindrical Be rod, 0.76 cm OD and 3 cm long) . 
•  Ni crucible and Ni tubes were used and all the wet surface was Ni coated 
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chemical analyses for the argon tests are plotted in Fig. 2 along with those from the 

previous studies and models. Total measured pressures for BeF2 and LiBeF3 are two to 

three times lower than predicted values. The increasing contribution from the lithium 

species in the INEEL data is apparent at 700 and 800C.  

Partial pressures calculated for BeF2 for all three test gases are shown in Fig. 3. The 

data for moist air parallels and are about one-half of those measured for the argon tests. 

The reason for the lower datum points in the dry air tests at 700 and 800 ◦C is not known. 

This trend is based upon limited tests and some repeated tests would be needed to confirm 

this trend. The data did not show any markedly different volatilization rates in dry and 

moist air compared to those in argon.  

Mass comparisons using probe interior ICP-AES measurements and sample loss for 

the argon test series in the nickel crucibles showed that about 22% of the material was 

deposited in the probe. The remainder was deposited on the probe exterior and the walls 

of the test chamber. This reflects the diffusion and re-deposition of material down the 

temperature gradient. Mass flux calculation 

(kg/m h) obtained by adjusting ICP-AES 

measurements for the 22% factor generally 

agreed within a factor of two of the mass based 

determinations for individual tests.  

 

(c)  REDOX control and corrosion 

 

A series of experiments was performed in 

which HF was bubbled through Flibe with 

varying concentrations of dissolved Be to investigate 

the viability of using Be as a redox agent in a molten 

Flibe (2LiF–BeF2) blanket. The objective of this 

work was to perform such measurements with the 

goal of obtaining useful kinetic data that could be 

used to quantitatively validate the feasibility of using 

Be as a redox agent in Flibe.  

A simplified diagram of the system used for 

Fig. 4. test system for measureing redox 
kinetics 

Fig. 5. Reactor for measuring redox 
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RAFS sample and metallic Be rods used for 
Redox and corrosion tests before and after 
immersion in FLiBe bath 

observing the HF–Be redox reaction is shown in Fig. 4. A mixture of H2, He and HF gases 

was introduced into the test reactor, while the effluent passed through a quadrupole mass 

spectrometer (QMS) followed by an autotitrator. The reactor, shown in more detail in Fig. 

5, was designed to provide a controlled reaction between Be and HF in the molten salt 

phase. The HF was introduced into the system via bubbling into the salt in a gas mixture 

that also contains H2 and He. The H2 is intended to minimize the likelihood of HF 

reacting with metal components in the system hardware. The He is a carrier gas so that the 

total actual flow rate was about 300 cm3/min to minimize transport time to the QMS and 

titrator. A cylindrical beryllium rod, 0.76 cm in diameter and 3 cm in length was 

introduced into the salt for a specified period of time. A nickel tube containing a slow flow 

of He (ѝ2–5 sccm) acted as a sheath to protect the Be specimen from contact with HF or 

salt (via capillary action) during times when it was not in the salt. All non-nickel metal 

surfaces inside of the reactor were spray coated with nickel to prevent HF from 

participating in corrosion-type side reactions.  

Each experiment started with the HF–H2–He feed gas bubbled into the salt with the 

Be specimen pulled out of the salt. 

Once the HF concentration in the 

effluent stabilized close to the expected 

level, the Be specimen was inserted 

into the salt. After 10–60 min, the Be 

was lifted out of the salt and into its 

protective housing while HF in the 

effluent was continually monitored for 

times ranging from several hours up to 

a few days. Once the HF concentration 

in the effluent had again stabilized, the 

next experiment was run by re-inserting 

the Be into the salt for a different 

duration. As shown in Fig. 6, the 

effluent HF concentration as measured 

by the QMS dropped rapidly usually 

within a matter of minutes after the Be 

Fig. 6. HF concentration measured by QMS on the 
outlet of the REDOX experiment for several Be 
immersion times. 

Fig. 7. Effects of immersion time on the initial mole 
fraction of Be in the salt 
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JUPITER-II (2001-2006) 
Task 1-1-A:  FLiBe Chemistry Control, Corrosion, and Tritium Behavior 
 •  D2 and T2 permeation 

–  Measured transport properties (diffusivity and solubility) of D2 and T2 in FLiBe 
between 550 and 700 C 

–  Investigated the effect of FLiBe Redox condition on T2 transport 
–  Experimental procedure: 

•  (D2 test) was conducted in a cylindrically symmetric dual probe permeation pot 
–  Ni crucible and Ni tubes are used 
–  at 600 and 650°C at 9.0x104 Pa in NI Probe 1 

•  (T2 test) was conducted in a permeation pot with 2mm thick Ni membrane 
•  at 550, 600, 700 and 800°C with 1 and 20 sccm (0.1 ppm-10 vo..% T2/Ar)  
•  Measured with QMS and GC 
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conducted in a cylindrically symmetric, 

dual probe permeation pot setup 

illustrated in Fig. 10. The assembly 

consisted of a type-316 stainless-steel 

pot, a nickel crucible for containing 

Flibe, two permeation probes of 

thin-walled nickel, a gas-manifold to 

enable Ar purge gas flow through 

assembly volumes, and a quadrupole 

mass spectrometer (QMS) for on-line 

measurements of the flow stream gas 

transport between the probes and the cover gas above the molten salt. Typically, with the 

pot at test temperature, probe-1 was pressurized with deuterium and QMS analysis of Ar 

gas from probe-2 provided a measure of the deuterium that permeated through the walls 

of probe-1, the molten Flibe and the walls of probe-2. The barrier volumes and the 

volumes above the salt were purged with separate Ar gas streams that were analyzed 

sequentially with the QMS.  

Several deuterium permeation experiments were made with the system at 

temperatures of 600 and 650 ◦C and with a deuterium pressure of around 9.0 × 104 Pa in 

probe-1. TMAP-4 simulation calculations were used to evaluate the overall deuterium 

permeation rates in the Flibe/Ni/D2 

system using previous literature 

transport data for these materials. 

These analyses showed that 

diffusion in Flibe was 

rate-determining for our 

experimental conditions. Results of 

the analytical fit (by adjustment of 

diffusivity and solubility values) 

were compared to experimental 

data measured at 600 and 650 ◦C. 

Diffusion coefficients derived from 

Fig. 10. Schematic illustration of cylindrically 
symmetric, permeation probe assembly. 

Fig. 11. Diffusion coefficients for Flibe. 
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Table 1
Composition and impurities concentration [ppm] in first layer salt (S1) and addition
(S2)

Li/Be W Fe Ni Cr Al

S1 1.50 51.11 43.37 42.68 20.47 32.73
S2 1.50 40.98 39.27 70.27 15.46 22.84

experiments in STAR. In relation to the experiments here described
the system can be divided in four parts with different functions: a
stainless-steel glove box capable of tritium and beryllium handling,
within which is housed the heating system and the permeation
cell; the tritium delivery and collection system; the diagnostics
system; the auxiliary gas lines. A description of the system and
procedures related to tritium handling is beyond the scope of this
paper as they are common to most experiments in STAR [1,5]. For
the purpose of this work the system is responsible to deliver a
uniform flow with rates between 1 and 20 sccm of a mixture of
research grade argon gas and T2 with variable concentration deter-
mined by pre-mixing in the gas source, as well as handling all the
gas outflows that are contaminated by tritium during operations.
The heater configuration has been used for all molten salt related
activities in STAR [1]. The heater is responsible to maintain the per-
meation cell at a uniform temperature between 550 and 700 ◦C,
with a temperature gradient across the molten salt layer below
2 ◦C both in the axial and radial direction. The diagnostic system is
designed to measure the concentration of tritium above the molten
salt surface in a wide range of concentration ranging from 0.1 ppm
to 10 vol.%. The gas mixture is first sampled through a bleeding
valve by a quadrupole mass spectrometer (Dycor model Ametek
M200), then enters the switch system of a gas chromatographer
(Shimadzu model GC-14B coupled with chromatopac C-R8A data
processor). The gas exiting the GC flows then into a proportional
counter were the tritium activity is measured (Aloka model GC-
2003BU with Canberra power supply, signal amplifier and timer).
The auxiliary components are mostly gas delivery systems neces-
sary for the operation of the experiments such as pressurized gas
bottles (UHP argon and hydrogen), regulators, purifiers, mass flow
controllers and pressure instruments. A deuterium source is used
as alternative input gas for tritium during calibration and initial
testing.

The permeation cell used for the experiment is shown in Fig. 1. In
its standard operation mode it can be described as formed by two
internal volumes (light and dark shade) and one external (white
background). The external volume can be purged to measure the
amount of tritium leaking from the inside, but during standard
operation it is maintained undisturbed in order to allow the build-
up of a small tritium concentration and minimize leaks. The source
volume (dark shade) is part of the input line and contains the gas
mixture flowing directly from the tritium source. All internal sur-
faces along the lines are composed of stainless steel except the plate
between the source volume and the sample volume (light shade)
that is made of Nickel 200 and acts as a window for tritium perme-
ation. The concentration of tritium in contact with the nickel plate is
kept constant by a slow moving flow (typically 4 sccm). The sample
volume contains the molten salt and is part of a gas line that flows
into the diagnostic system. A sweep flow composed of a mixture of
argon and hydrogen is flown through the sample line. The sweep gas
flow rate is an important parameter for carrier-gas method exper-
iments [2], and its choice is a trade off between a shorter time lag
for diffusivity measurements (favored by higher flow rates) and
higher accumulated concentrations of permeating gases resulting
from lower flow rates, which enhances detection. Ultimately the
limit is imposed by the sensitivity of the diagnostic system. From
an extensive calibration of the system with deuterium and to allow
comparison with similar experiments with other fluoride salts we

Fig. 1. Permeation cell scheme with relevant dimensions.

set the reference sweep flow rate at 20 sccm [6]. The sample volume
internal surfaces are made of nickel in order to avoid the dissolution
of metal impurities from contact between the molten salt and stain-
less steel. The amount of tritium leaking from the sample volume
is relatively low because of its lower concentration on the down-
stream side of the salt layer. The sample volume upper cap as well
as the remaining gas lines is composed of stainless steel. In steady-
state conditions traces amounts of hydrogen fluoride are present
above the salt surface, and carried by the sweep gas would react
with steel surfaces unless balanced by the presence of hydrogen in
the flowing mixture [1,4,7]. Hydrogen is also necessary to reduce
tritium fluoride by isotopic exchange in order to correctly account
for the total amount of permeating tritium, unless a system to con-
dense and recover tritium fluoride is present [8,9]. We decided to
rely on isotopic exchange and not to use a TF condenser because the
latter would not allow time dependent measurements of concen-
tration that are necessary to determine the material diffusivity with
the gas-carrier method. The concentration of hydrogen needed in
the sweep gas is then determined by the completion of the tritium
fluoride reduction. A hydrogen concentration of 5 vol.% was found
to be enough in the conditions tested and adopted during standard
operations. The effect of hydrogen-saturated conditions in the salt
on the transport of deuterium and tritium is not known, as fur-
ther discussed in Section 3. However, high traces of hydrogen are
likely to be always present when flibe is purified through hydro-
fluorination as well as the need for HF reactivity control, therefore
the conditions adopted for this studies are relevant to flibe-cooled
fusion blanket systems.

3. Results and discussion

The physical process considered in this work can be described
by the one-dimensional diffusion equation:

∂c
∂t

= D
∂2c
∂x2 (1)
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Fig. 3. Measured T diffusivity in flibe.

Fig. 4. Measured T solubility in flibe.

previous experiments (44 kJ/mol [9]) as well as that for hydrogen
in flinak [6].

Once the diffusivity has been determined the solubility can be
derived from the measured steady state molar flux as expressed in
Eq. (2). The measured tritium solubility is plotted in Fig. 4 and fitted
by the correlation:

Kflibe,T = 7.9 × 10−2 exp

(
−35 × 103

RgT

)
(7)

where K is expressed in [mol/(m3 Pa)] and other variables as in Eq.
(5). The measured solubility is similar to that reported for deu-
terium in flibe [7], several order of magnitude higher than that
reported for other inert gases in fluoride salts [15] and closer to
that reported for HF [13,14]. However the slope of the solubility
correlation suggests an endothermic process typical of inert gases
as opposed to what reported for hydrogen in flinak [6].

4. Conclusions

Tritium diffusivity and solubility in the molten salt flibe
(2LiF–BeF2) have been measured in the temperature range between
500 and 700 ◦C. Tritium flows from the source in molecular form
T2, but is absorbed in the nickel plate in atomic form and does not
recombine at the nickel/flibe interface but instead diffuses in the
salt in the atomic form, either bonded as T+ to BeF4− ions or as
HT, or both. The transport properties have been correlated by the
following expressions respectively:

Dflibe,T = 9.3 × 10−7 exp

(
−42 × 103

RgT

)

Kflibe,T = 7.9 × 10−2 exp

(
−35 × 103

RgT

)
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previous experiments (44 kJ/mol [9]) as well as that for hydrogen
in flinak [6].

Once the diffusivity has been determined the solubility can be
derived from the measured steady state molar flux as expressed in
Eq. (2). The measured tritium solubility is plotted in Fig. 4 and fitted
by the correlation:

Kflibe,T = 7.9 × 10−2 exp

(
−35 × 103

RgT

)
(7)

where K is expressed in [mol/(m3 Pa)] and other variables as in Eq.
(5). The measured solubility is similar to that reported for deu-
terium in flibe [7], several order of magnitude higher than that
reported for other inert gases in fluoride salts [15] and closer to
that reported for HF [13,14]. However the slope of the solubility
correlation suggests an endothermic process typical of inert gases
as opposed to what reported for hydrogen in flinak [6].

4. Conclusions

Tritium diffusivity and solubility in the molten salt flibe
(2LiF–BeF2) have been measured in the temperature range between
500 and 700 ◦C. Tritium flows from the source in molecular form
T2, but is absorbed in the nickel plate in atomic form and does not
recombine at the nickel/flibe interface but instead diffuses in the
salt in the atomic form, either bonded as T+ to BeF4− ions or as
HT, or both. The transport properties have been correlated by the
following expressions respectively:

Dflibe,T = 9.3 × 10−7 exp

(
−42 × 103

RgT

)

Kflibe,T = 7.9 × 10−2 exp

(
−35 × 103
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Outline 
1.  Motivation and overview of STAR research 
 
2.  Molten salt research at STAR during JUPITER-II project 

   (April 2001 – March 2007) 
 

3.  Present capabilities 
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•  Designed to measure transport properties (e.g. diffusivity, solubility, and 
permeability) of tritium at realistic blanket conditions (e.g. low tritium partial 
pressure < 1000 Pa) for disc geometry sample 

•  Capable of testing liquid breeder material (e.g. PbLi and FLiBe) and disc 
shaped metal 

•  Uniform temperature (+/- 10 C) within the test section utilizing 12” tube furnace 

 

Unique capabilities 

Tritium Gas Absorption Permeation experiment 

18 

TGAP design is based on the FLiBe permeation pot  



Schematic of tritium gas permeation system 
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Test section for Lead Lithium Eutectic (LLE)  
•  Photo of Test section for lead lithium eutectic 
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•  This test section for FLiBe can be fabricated based on LLE drawing 
with FLiBe compatible material  (e.g. nickel) on all wet surface 



Experimental procedure (Fe/LLE) 
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at 600 oC 

•  t < 0: 
•  Primary/Secondary was purged with 1 % H2/He 100/200 sccm, pt=105 Pa  
•  Bake out at 600 C with for 2 hours to remove oxide 
•  Test section was kept at uniform temperature (+/- 10 C) for 1 hour at t<0. 
•  Traps in the α-Fe were saturated by hydrogen. 

•  At t=0,  
•  Tritium (0.001, 0.15, 2.4 Pa T2/He) were introduced in the primary. 

•  t >0 : 
•  Fast breakthrough time was obtained (within a minutes) and tritium 

equilibrates within 30 minutes 

2.4 Pa 

0.15 Pa 

0.001 Pa 

T2/He 

H2/He 



TMAP configuration for (1 mm) α-Fe  

•  TMAP for α-Fe   
•  1D geometry 
•  4 enclosure species (H2, T2, HT He) 
•  2 diffusion species (H, T) 
•  3 segments 
•  10 enclosures 
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Experiment 
configuration 

primary IC 

secondary IC 

primary  
MFC 

secondary 
MFC 

α-Fe  



TMAP configuration for (1 mm) α-Fe + (6mm) LLE  

•  TMAP for α-Fe + LLE   
•  1D geometry 
•  3 enclosure species (H2, T2, HT, He) 
•  2 diffusion species (H, T) 
•  4 segments 
•  10 enclosures 
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Experiment 
configuration 

primary IC 

secondary IC 

primary  
MFC 

secondary 
MFC 

LLE 

α-Fe  



ü US-Japan TITAN program (2007-2013): 
–  Low-temperature (<100 °C) low-dose (0.025 & 0.3 dpa) HFIR neutron-irradiated tungsten 
–  Tritium was trapped in bulk (>10 µm), and retention increases at high temp. (500 °C) 
–  Measurement of microstructural evolution and characterization of radiation defects and 

defect annealing before/after plasma exposure is required to reveal trapping mechanism. 
ü US-Japan PHENIX program (2013-2018): 

–  High-temperature (500, 800, & 1200°C) medium-dose (0.3 &1.5 dpa) HFIR neutron-
irradiated tungsten RB* irradiation with Gd thermal neutron shield 

–  Positron annihilation spectroscopy (PAS) at ORNL and INL will characterize radiation 
defects and before/after plasma exposure to reveal defect annealing mechanism. 

–  Nuclear reaction analysis, thermal desorption spectroscopy, and PAS is used to 
determine tritium migration depth and trap density for tritium retention assessment. 
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Figure 2. Depth profiles of D in non-irradiated and n-irradiated W
specimens (0.025 and 0.3 dpa) after exposure to D plasma at 473 K
(a) and 773 K (b).

temperature, the density of traps sharply rises at dpa values
<0.1 and ceases to increase at around 0.3–0.4 dpa and a D
concentration of 1.0–1.4 at%. It is plausible that saturation
with traps also takes place with neutron irradiation, and the trap
density after irradiation to 0.3 dpa was close to the saturation
level. However, measurements of D retention after neutron
irradiation to higher damage levels are necessary to draw a
final conclusion.

In the specimen irradiated with neutrons to 0.3 dpa, the D
concentration after plasma exposure at 773 K was lower than
that at 473 K, but only by a factor of 2. This observation
is not trivial because vacancies in tungsten can migrate over
long distances at 773 K as described in the review papers by
Balluffi [13] and Schultz [14]. The mechanisms underlying
such weak temperature dependence will be discussed
later.

3.3. Thermal desorption of D from neutron- and
ion-irradiated specimens

In figure 3, the TDS spectra of D for the n-irradiated specimens
(0.025 dpa) are compared with those for the non-irradiated
and ion-irradiated (0.5 dpa) specimens. The spectra for n-
irradiated and non-irradiated specimens, except for the one
for the n-irradiated specimen exposed to plasma at 473 K,
are similar to those reported in previous papers [2, 6, 7].
In a previous study [2], the oxide films formed during
neutron irradiation and/or storage in a water pool remained
on the edge and back of the specimen even after plasma

Figure 3. Thermal desorption spectra of D from non-irradiated,
n-irradiated (0.025 dpa) and ion-damaged W (0.5 dpa); Tex indicates
temperature of exposure to D plasma and D2 gas.

exposure, and spikes were observed in the TDS spectrum
at temperatures below 400 K. Spikes were also observed at
similar temperatures in the TDS spectrum of a non-irradiated
specimen intentionally oxidized in air at 673 K for 2 h and
then exposed to plasma at 473 K. Hence, these spikes were
ascribed to desorption of D from oxide films. As described in
section 2.1, the oxide films were removed by gentle polishing
in this study, and hence no spike was observed. The desorption
of D from the non-irradiated specimen was completed at
around 700 K, as described previously. On the other hand,
the D release from the n-irradiated specimens continued to
high temperatures above 1173 K. These observations suggest
the formation of traps by neutron irradiation. The broad
desorption peak after plasma exposure at 473 K indicates the
presence of various types of traps with different activation
energies for detapping Edet [2, 3, 15]. At 773 K, only strong
traps with large Edet contribute to D retention. The value
of Edet for such strong traps was evaluated to be ≈1.8 eV
by simulation using the TMAP program in previous studies
[6, 7]. The retention of D in the n-irradiated specimen after
exposure to plasma at 773 K was 6.4 × 1021 D m−2 and
significantly greater than that at 473 K. This difference can
be explained by the deeper penetration of D (figure 2). As
described in a previous paper [6], the penetration depth of
D was calculated to be 50–100 µm as the quotient of the
amount of retained D (6.4 × 1021 D m−2) and D concentration
(0.1–0.2 at% = (6.3–12.6) × 1025 D m−3) by assuming
uniform D concentration throughout the penetration depth.
The measurements of TDS spectra for the specimens irradiated
to 0.3 dpa will be carried out in the near future, and the results
will be reported in a separate paper.

The ion-irradiated specimen also showed D desorption
in the high-temperature region, i.e. 930–1150 K. This
temperature range of D desorption agreed with that for the
n-irradiated specimen exposed to plasma at 773 K, although
the desorption peak observed for the ion-irradiated specimen
was much narrower and smaller than that for the n-irradiated
specimen. Therefore, it is reasonable to consider that the
types of defects which play a dominant role in the trapping
effects in these two different specimens were similar. Ion
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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
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Thermal desorption spectroscopy (TDS) 

•  Both TPE and NIMIIX study retention. 
•  To investigate retention,  

•  Heat samples up to 1100ºC 
–  Vacuum infrared tube furnace 
–  Linear ramp rate  
–  6 calibrated leaks (x3 He and x3 D2) 

•  Analyze residual gases  
–  Two quadrupole mass spectrometers 
–  High resolution QMS can distinguish: 

•  D2: 4.0282 amu 
•  He: 4.0026 amu 

25 
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Summary 
•  STAR at INL is DOE less than Hazard Category 3 Nuclear Facility for both 

fission and fusion safety R&D. 
–  Maximum tritium inventory allowed 1.6 gram (15,390 Ci)  
–  Capable of handling tritium, beryllium, FLiBe, and activated material 

•  FLiBe was extensively studied at the STAR facility during JUPITER-II 
program (2001-2006) 

•  STAR still operates 2x inert (Ar) gas gloveboxes for FLiBe use 
•  TGAP is capable of studying tritium permeation and absorption in FLiBe. 

–  Design is based on the tritium permeation pot of FLiBe 

•  TPE, NIMIIX and SGAS can be used to investigate deuterium (tritium at 
TPE) retention in irradiated graphite for FHR. 

•  STAR can help develop tritium control and capture in FLiBe to enhance 
technical readiness level of FHR technology  
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Supporting slides 
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Tritium Migration Analysis Program (TMAP) 
•  The TMAP calculates the time-dependent response of a system of 

solid structures or walls (may be a composite layer), and a related 
gas filled enclosures or rooms by including 

–  Movement of gaseous species through structures surfaces, governed 
by dissociation/recombination, or by solution law such as Sieverts’ or 
Henry’s Laws 

–  Movement in the structure by Fick’s-law of bulk diffusion with the 
possibility of specie trapping in material defects 

–  Thermal response of structures to applied heat or boundary 
temperatures 

–  Chemical reactions within the enclosures 

•  User specified convective flow between enclosures  

•  Equations governing these phenomenon are non-linear and a 
Newton solver is used to converge the equation set each time-step 
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TMAP Capabilities (cont.) 
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Ct  – Trapped specie concentration (m-3) 
αt  – Trapping rate coefficient (s-1) 
ft  – Probability of landing in a trap site (-) 
Cm – Mobile concentration  (m-3) 
αr  – Release rate coefficient (s-1) 
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λ  – jump distance or lattice constant (m) 
ct

o
  – Trap site concentration (m-3) 

N  – Bulk material atom density  (m-3) 
νo  – Debye frequency (s-1) 
Et  – Trap energy (eV) 

•  TMAP does not treat plasma surface physics, such as sputter or 
sputtered material re-deposition.  TMAP’s basic equations are: 
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Cm = Ks ⋅ pm2

or 



Input parameter for TMAP modeling 
•  To apply TMAP to experimental data, property data for H diffusivity, solubility, 

and surface recombination/dissociation coefficients in α-Fe are required. 
•  Physical data of tritium partial pressure and sample temperatures are also 

required 
•  Mass transport property data used for H permeation in α-Fe are: 

•  H diffusivity in alpha-iron [m^2/s] 
•  y=4.43e-8*exp(-638.7/temp) 

•  H solubility in alpha-iron [1/(m^3 Pa^0.5)] 
•  y=4.2e23*exp(-2922.6/temp) 

•  H/T recombination coefficient in alpha-iron [m^4/s] 
•  y=4.6e-24/temp*exp(+4365.9/temp) 

•  H/T dissociation coefficient in alpha-iron [m^4/s] 

•  Mass transport property data used for H permeation in PbLi from Okitsu5 

•  Adjusted T diffusivity and T solubility to fit exp. data as two fitting parameters 
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Kd = Kr ⋅Ks
2
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