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A new experimental system designed to investigate 
tritium mass transfer propertiesin materials important to 
fusion technology is operational at the Safety ana Tritium 
Applied Research (STAR) facility located at the Idaho 
National Laboratory (INL). The tritium permeation 
measurement system was developed as part of the 
Japan/US TITAN collaboration to investigate tritium mass 
transfer properties in liquid lead lithium eutectic (LLE) 
alloy. The system is similar to a hydwgen/deuterium 
permeation measurement system developed at Kyushu 
University and also incorporates lessons learned from 
previous tritium permeation experiments conducted at the 
STAR facility.

This paper describes the experimental system that is 
configured specifically to measure tritium mass transfer 
properties at low tritium partial pressures. We present 
preliminary tritium permeation results for a-Fe and 
a-Fe/LLE samples at 600°C and at tritium partial 
pressures between I.OE-3 and 2.4 Pain helium. The 
preliminary results are compared with literature data.

I. INTRODUCTION

Liquid lead lithium eutectic (LLE) alloy has been 
selected for the helium-cooled lead lithium (HCLL) Test 
Blanket Module (TBM) in ITER and thedual coolant lead 
lithium (DCLL) concept in future fusion demonstration 
(DEMO) reactor designs. The tritium partial pressure in 
these blanket systems is expected to be < 1000 Pa and 
therefore reliable data on the tritium mass transport 
properties (permeability, difflisivity, and solubility) in 
しLE at low tritium partial pressures are key parameters 
for the design of an effective and safe blanket system.

One task of the Japan/US TITAN collaboration is 
focused on investigating the tritium mass transport 
properties in liquid LLE at low tritium partial pressures. 
r〇 accomplish this task a new tritium permeation 
measurement system was developed at the Safety and 
Tritium Applied Research (STAR) facility located at the 
Idaho National Laboratory (INL). The system is similar to 
a hydrogen/deuterium permeation measurement system at

Kyushu University in which a permeation method was 
used to obtain the mass transport properties of hydrogen 
and deuterium in LLE.1

The tritium permeation measurement system, 
experimental method, and preliminary tritium permeation 
results for a-Fe and a-Fe/LLE are hereafter presented and 
discussed.

II. EXPERIMENTAL SYSTEM

The tritium permeation measurement system is 
housed in a ventilated enclosure and laboratory hood. 
Figure 1 provides a simplified schematic of the 
experimental system. The primary components of the 
system include the LLE permeation cell, two independent 
gas manifolds, a tritium capture system, and a National 
Instruments (NI) LabVIEW based control and data 
acquisition system. A brief description of the system’s 
primary components follows:

1 .  The LLE permeation cell is shown in Figure 2. The 
cell is constructed of 304 stainless steel and is 4.1 cm 
in diameter. A 1 mm thick (13.0cm2) a-Feplate 
separates the cell into two chambers and also forms 
the permeation interface separating the primary and 
secondary gas manifolds. A tube furnace maintains 
the permeation cell at uniform temperature ranging 
between 300 and 600°C with a temperature gradient 
across the cell of less than 5°C.For the LLE 
experiments a 101.1 gram PbLisample was melted on 
the a-iron plate creating an approximately 8 mm 
thickliquid LLE layer. The permeation cell is 
replaceable to accommodate tritium permeation 
studies on metal, molten metal, and saltsamples.

2. The tritium test gas mixtures flow through the bottom
chamber of the permeation cell and the primary 
manifold. A 0 to 100 seem mass flow
controller,pressure sensor, and a leak valve are used 
toestablish tritium test gas flow rates and pressures in 
the primary manifold.Tritium concentrations in the 
primary manifoldare measured with alO ccTyne
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Fig.1.Simplified schematic of the tritium permeation measurement system.

Fig. 2. Diagram of LLE permeation cell.

ion chamber with a detection range of 10'3 to 
I06Ci/m3. A 1% hydrogen in helium (1%H2/He) 
sweep gas flows through the top chamber of the 
permeation cell and the secondary manifold. The 
1 % H2/He gas mixtureminimizes surface effects 
andalso reduces tritium losses and ion chamber 
background levels by saturating the secondary 
manifold's surfaces with H2.A 0 to 200sccmmass

flow controller, pressure sensor, and a leak valve are 
used to establish the sweep gas flow rates and 
pressures in the secondary m anifold .1 ritium 
concentrations in the secondary manifold are 
measured with a 1000 cc Tyne ion chamber with a 
detection range oflO*6 to 103 Ci/m3.

3. The tritium capture system consists of a pair of 
ethylene glycol filled bubblers for capturing tritiated 
water (HTO). These are followed by a CuO catalyst 
bed at 600°C that converts elemental tritium (HT 
and/orT2) into tritiated water (HTO) which is then 
captured in a second pair of bubblers containing 
ethylene glycol. All manifold gas containing tritium 
flows through the capture system prior to being 
vented to the facility exhaust.

4. NI LabVIEW control and data acquisition software 
operates the tritium permeation measurement 
system.The software operates electro-pneumatic 
valves and mass flow controllers during experiments 
while continually recording the temperature, flow 
rate, pressure, and tritium concentration data.

Ancillary components include: a turbo molecular 
vacuum pump system, a quadrupole mass spectrometer, 
molecular sieve beds, and a moisture sensor to monitor 
H20  concentrations in the manifolds.

III. TRITIUM TEST GAS MIXTURES

The tritium test gas mixtures are stored in large 49 
liter internal volume cylinders that were originally made 
for the rntium Migration, Infiltration and Scintillation 
Test (TMIST) program. At the end of the program the 
largely depleted cylinders became available and by
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re-pressurizing the tanks with UHP helium it was possible 
to create cylinders with low tritium partial pressures. The 
cylinders were then assayed using a 10 cc Tyne ion 
chamber and found to contain T2 partial pressures of 
1.1 E-3, 0.15, and 2.4 Pa. The large volume cylinders 
provide a constant tritium concentration gas supply that 
can be used for multiple extended run tests.

IV. LEAD LITHIUM EUTECTIC SAMPLE

The LLE sample used in these experiments was 
supplied by Atlantic Metals of the US. Thecomposition of 
the LLE was determined using inductively coupled 
plasma mass spectroscopy (ICP-MS) and optical emission 
spectroscopy (ICP-OES) analysis by sample dissolution in 
nitric acid conducted on batch samples at the INL 
analytical laboratories. ICP-MS analysis determined the 
LLE composition to be 85.04 mole% Pb and 
14.90 mole% Li. ICP-OES analysis identified trace 
quantities of Bi, Sn, and Zn in the PbLi eutectic sample.

V. ANALYSIS ANDPRELIMINARY RESULTS

Tritium mass transfer experiments have been 
conducted on a 1 mm thick a-Fe plate attemperatures 
between 300 and 600°C and T2partial pressures of 1.1 E-3, 
0.15, and 2.4 Pa. In addition, four experiments were 
conducted on the a-Fe platewithan 8 mm layer of liquid 
LLE at temperatures between 300 and 600°C and T2 
partial pressures between 2.2E-2 and 2.6E-3 Pa.

Prior to each experiment the permeation cell was 
heated to the test temperature and purged with a 1%H2/He 
gas mixture to remove oxides and minimize surface 
effects. During experiments the secondary manifold was 
purged with a I%H2/He sweep gas to reduce tritium 
losses and ion chamber background levels by saturating 
the secondary manifold’s surfaces with H2.The effects of 
the 1%H2/He sweep gas on the transport of low partial 
tritium in LLE isunder investigation at this time, and this 
will be the subject of subsequent publication.

The experimental technique hinges on the use of ion 
chambers to accurately measure tritium 
concentrations.Prior to conducting experiments, the Tyne 
ion chambers were electronically response checked to 
verify proper operation and to assure accuracy. Although 
ion chamber measurements cannot distinguish between T2 
and HT an effective tritium flux and partial pressure can 
be defined that correspond directly to the detectors 
measurements. In this report, the ion chamber's response 
corresponds to effective T2 fluxes and partial pressures. 
Lastly, at low tritium concentrations, the ion chamber's 
signal to background ratio is small which 
disproportionately increases the uncertainty associated 
with thesemeasurements.

We present preliminary tritium permeation results for 
a-Feat temperatures ranging between 400 and 600°Cand 
a-Fe/LLE at 600°C.

V.A. a-Fe Sample

ngure 3 presentstritium permeation fluxesfor a-Feat 
600°C as a function of time.A temperature gradient across 
the cell was measured to be less than 5°C. The traces 
represent T2 partial pressures of 1.5E-1, and 2.4
Pa in the primary manifold.

Time (s)

Fig. 3.Measured T2permeation fluxes for a-Fe at 600°C.

Figure 4displays the steady state a-Fe tritium permeation 
flux valuesfor a series of isotherms as a function 
ofT2input partial pressures.

Fig. 4. Steady state T2 permeation flux for a-Fe as a 
function ofT2 input partial pressure.

Figure 4 depicts a relationship between the T2 
permeation flux and the T2 input partial pressure that 
isroughly linear,with exponents ranging between 0.73 and 
0.59. There is clearly no square root dependence that is a 
characteristic of diffusion-limited permeation at high 
partial pressures nor is there astrictly linear relationship 
that is characteristic of surface-limited permeation and is 
known to occur in metals at low partial pressures.The 
graph represents preliminary evidence that the data spans 
a transition region between the diffusion-limited regime 
and the surface-limited regime. Additional data points

77



arerequired to determine the existence and range of a 
surface-limited regime. Without this information a 
meaningful quantitative determination of the mass 
transport properties in a-Fe a low tritium partial pressures 
is not possible.

V.B. a-Fe/MoIten LLE Sample

In Figure 5 tritium permeation fluxes for a-Fe and 
a-Fe/LLE at 600°C are presented as a function of time. 
The a-Fe trace represents tritiumpermeation through a 
1 mm thick a-Feplate with aT2inputpartial pressures of 
1.6E-3 Pa. The a-Fe/LLE trace istritium permeation 
through the a-Fe plateand 8 mm layer of liquid LLE witha 
T2 input partial pressure of 2.6E-3 Pa.

Fig. 5. T2 permeation curves fora-Fe and a-Fe/LLE at 
600°C.

The data presented in Figure 5is currently our only 
datathat compares the tritium permeation fluxes of a-Fe 
and a-Fe/LLE at comparable temperatures and T2input 
pressures.The tritium permeation curves presented in 
Figure 5 are very different from H2 permeation curves for 
a-Fe and a-Fe/LLE that have been reported in literature.1 
In the H2 permeation studies the permeation resistance of 
a-Fe is two orders of magnitude lower than that of 
a-Fe/LLE and therefore can be considered negligible 
compared to that of the liquid LLE layer. However, our 
preliminary data indicates that atlow Impartial pressure 
(< 2.5E-3 Pa), the steady state permeation flux for a-Fe is 
comparable to that of the a-Fe/LLE sample and therefore 
the permeation resistance of a-Fe must be accounted for 
when determining the permeation fluxof tritium in LLE. 
Additional data isneeded to determine if the tritium 
permeation through the LLE is diffusion-limited or 
surface-limited at low T2 partial pressures and to obtain 
the tritium mass transport properties in LLE.It is not clear 
that the diffusion-limited permeation reported inH2 
permeation experiments on a-Fe and on LLE conducted at 
significantly higher input pressures appliesto the 
currentlow tritium partial pressure studies .3

VI. CONCLUSIONS

In this paper, we have described a new system that 
has been developed to investigate tritium mass transfer 
properties in materials important to fusion technology at 
lowtritium partial pressures.The system is currently being 
used to conduct low tritium partial pressure permeation 
experiments ona-Fe and on LLE.Preliminary resultshave 
revealed differences between the H2 permeation studies 
on a-Fe and a-Fe/LLE reported in literature and the low 
tritium partial pressure permeation studies currently being 
conducted.

Additional measurements are required to determine if 
the tritium permeation through LLE is difflision-limited 
or surface-limited at low T2 partial pressures.Data is also 
needed to determine the effect of the 1%H2/He sweep gas 
on the transport of tritium in LLE. Finally,TMAP 
modeling is required to extract the LLE permeation flux 
from the a-Fe/LLE permeation flux.Once this information 
is obtained, thetritium mass transfer properties in LLE at 
low tritium partial pressures can be determined. Due to 
the reasons described above, determination of the tritium 
mass transport properties in LLE has become complex 
and is beyond the scope of this paper. Tritium behavior in 
LLE via Tritium Migration Analysis Program (TMAP) 
modeling will be investigated in the subsequent 
publication.
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