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UT-TBM/FC-SP 
 
Task Title: SEPARATION OF THE D/T MIXTURE FROM HELIUM 
 IN FUSION REACTORS USING SUPERPERMEABLE MEMBRANES 
 Superpermeable membranes resistant to sputtering - 
 Proposal for superpermeable membrane practical application in fusion 
 
 
INTRODUCTION 
 
 
The present investigation is the continuation of the study of 
superpermeability phenomenon and of the possibility of 
superpermeable membrane (SPM) practical applications for 
pumping of hydrogen (D/T mixture) and for its separation 
from helium in actual plasma and fusion devices. 
 
One of the key points of membrane practical applications is 
the membrane ability to reliably operate under action of 
unfavorable factors such as sputtering of the upstream 
membrane surface with hydrogen ions and charge exchange 
atoms of different energies, especially, in the presence of 
carbon layers on the surface, which leads to the degradation 
of the surface film responsible for superpermeation.  
 
Detailed investigation of the influence of these factors on 
plasma  driven superpermeation was carried out, which 
resulted in understanding of the underlying fundamental 
causes of  the effects observed and permitted to elaborate 
the ways to maintain the membrane superpermeability 
under actual operational conditions. 
 
The main goals of the work carried out in 2002 were 
 
- investigation of superpermeable membranes resistant to 

sputtering, 
 
- elaboration of the proposal for superpermeable 

membrane practical application in large fusion machines 
such as ITER and TORE SUPRA, 

 
- summarizing of the results obtained and working out the 

final report. 
 
 
2002 ACTIVITIES 
 
 
INVESTIGATION OF SUPERPERMEABLE MEM-
BRANES RESISTANT TO SPUTTERING 
 
The task of this stage of research was the further 
investigation of the phenomenon of the conservation of 
superpermeability of Nb membranes acted upon by 
hydrogen ions, which was discovered at the former stage of 
the current Project. 
 
It was found that degradation of superpermeability, and a 
radical decrease of plasma driven permeation (figure 1, 
curve 2 and figure 2, curve 3), under the action of ion  

sputtering was conditioned by the presence of carbide layer 
in the subsurface region of the membrane which is typical 
for a “natural” surface of niobium. 
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Figure 1 : Dependence of plasma driven permeation flux 
on incident ion energy (bias voltage) 
at different stages of carbonization: 

( ) after the removal of natural NbC layer  
( ) after a controlled formation of NbC layer 

(~ 103 monolayers) on the inlet surface 
( )  after the removal of ~ 20 % of deposited C 
( ) after the removal of ~ 50 % of deposited C 
( ) after a complete decarbonization  

 
The subsurface carbide layer radically reduces the rate of 
oxygen exchange between the niobium bulk and surface, 
without hindering the transport of hydrogen. That results in 
a drastic increase of the number of O-free sites in the 
near-monolayer O coating at the inlet surface being under 
ion sputtering, and leads to the change of membrane 
symmetry in favor of the back evolution of absorbed 
hydrogen onto inlet side. The higher the carbide layer 
thickness the stronger the membrane permeability decrease 
under ion bombardment (figure 1, curves 3, 4).  
 
In spite of that it was shown that the sputter-resistant state 
is a natural state of non-carbidized niobium doped with 
solute oxygen, either originating from virgin surface oxide 
films or specially introduced. Both O mobility in the metal 
lattice and the rate of exchange between metal bulk and 
surface are sufficiently high to provide for a dynamic 
recovery of an equilibrium O layer at the membrane inlet 
surface sputtered by ions. 
 
Due to that, ion sputtering cannot affect the symmetry of 
hydrogen evolution through the inlet and outlet surfaces, 
and superpermeability is conserved. 
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The introduction of extra amount of solute O into the 
membrane results in further decrease of the ion sputtering 
effects on a non-carbonized Nb membrane (figure 2, curves 
2, 3). It seems possible that other Group Va metals, 
vanadium and tantalum, whose chemical properties are 
close to that of niobium, may be obtained in the 
sputter-resistant state as well due to similar mechanisms. 
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Figure 2 : Dependence of plasma driven permeation 
on incident ion energy (membrane bias voltage) 

for a membrane state resistant to sputtering 
at the low (1) and high (2) concentrations of solute oxygen 

Curve 3 presents an energy dependence 
for the “usual” sputter-sensitive state 

 
PROPOSAL FOR SUPERPERMEABLE MEMBRANE 
PRACTICAL APPLICATION 
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As it was demonstrated during the present Project, SPM 
have a number of merits to justify their application in 
fusion devices. They are providing for: [1] a maximum 
conceivable rate of evacuation of suprathermal hydrogen, 
with a possibility to operate at flux densities as high as 
~ 1019 cm-2s-1, [2] a steady state operation, [3] an extremely 
high selectivity in the permeation of hydrogen (tritium) 
compared to other gases, including He, [4] an automatic 
compression of permeating hydrogen by orders of 
magnitude, [5] a low hydrogen (tritium) accumulation, [6] 
the absence of any moving mechanical parts, [7] the ability 
to operate in a wide temperature range (from 20 to 
~ 1000°C), the possibility to operate in strong magnetic 
field. Taking all above into account, several proposals for 
the SPM applications can be suggested. 
 
Short-way separation of D/T and He 
 
Helium is supposed to be pumped by cryopumps or 
turbopumps in the future fusion devices. The SPM is 
proposed to be installed along the pumping duct walls in 
order to isolate a major part of D/T mixture from He before 
the pumps (figure 3). If the SPM is located near the 
divertor, it may isolate the suprathermal D/T generated 
directly in the divertor zone. If the membrane is installed 
far enough from the divertor (figure 3), D/T mixture, when 
reaching the membrane , will mainly consist of thermal 
molecules that have to be again converted into suprathermal 
particles at a hot metal surface or in a gas discharge. 

D/T + He
atomizer or
discharge

membrane

 He cryopump
or TMP

D/T
(cleaned and
compressed)

 
 

Figure 3 : Scheme of short way D/T and He separation 
 
As it has been shown a membrane system of quite a 
reasonable size could isolate more than 90 % of D/T in 
ITER, drastically reducing D/T freezing at the cryogenic 
panels. 
 
Particle flux control  
 
Another possibility is installing SPM-based plasma facing 
panels in the divertor/limiter zone where there is a 
maximum flux of thermal neutrals (CX and Frank-Condon 
atoms). The implanted D/T particles are expected to 
permanently permeate through the membrane with virtually 
no back reemission of thermal neutrals.  An effective 
hydrogen pumping from the divertor region could result in 
a low recycling – high temperature regime of the divertor 
operation, and due to that in an enhancement of the core 
plasma temperature in ITER. 
 
In general the SPM-based pump can be used for hydrogen 
(D/T) pumping in any auxiliary systems of fusion devices, 
e.g. in NBI, pellet injectors and tritium handling. 
 
FINAL REPORT 
 
The data obtained in the course of the present Project  were 
summarized and the final report was presented. Such 
important for SPM practical applications points as 
membrane operation under plasma conditions, separation of 
hydrogen and helium, effects of  chemically  active  gases  
(CH4, C2H2, O2),  deposition of carbon,  ion  bombardment  
of membrane surface, isotopic effects were presented and 
discussed in details.  
 
 
CONCLUSIONS 
 
 
- The phenomenon of the conservation of 

superpermeability of Nb membranes under the ion 
bombardment of its surface was investigated. It was 
found that  the reason of superpermeability degradation 
under the action of ion sputtering is the presence of 
carbide layer in the subsurface region of the membrane. 
It was demonstrated that the sputter-resistant state is a 
natural state of non-carbonized Nb membrane doped 
with solute oxygen, and that an introduction of extra 
amount of solute O into the membrane bulk leads to 
further decrease of the ion sputtering effects.  
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- The proposals for SPM applications in fusion devices 
have been put forwards:  SPM in combination with hot 
atomizer or gas discharge can be installed along the 
pumping duct walls for short-way separation of D/T 
and He;  SPM can be placed near divertor/limiter zone 
for particle flux control. In general the SPM-based 
pump can be used for hydrogen (D/T) pumping in any 
auxiliary systems of fusion devices. 

 
- The results obtained in the course of the present Project  

were summarized, and the final report was presented.  
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