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A B S T R A C T

Direct internal recycling (DIR) refers to the process of recovering pure hydrogen isotopes (D/T) from helium and 
other impurities in the fusion plasma exhaust and directing them back to the fuel injection system. Increasing the 
exhaust fraction purified through DIR significantly reduces the size and cost of the tritium plant and provides 
additional benefits including reduced requirements for both the tritium startup inventory and tritium breeding 
ratio. Metal foil pumps (MFPs) are the dominant technology for this separation, relying on the concept of 
superpermeation. We recently demonstrated that PdCu foils operated at low temperature provide both excep
tional flux and resilience to helium absorption as the DIR fraction is increased. Herein we design and demonstrate 
continuous and semi-batch DIR processes using PdCu MFPs. Under continuous processing, stable performance 
was observed for DIR fractions up to 92 %. In addition, we demonstrate a semi-batch process capable of 
extending the DIR fraction to unity (> 99.8 %). Under the experimental conditions described within a PdCu MFP 
area of ~22 m2 would be sufficient to process the fusion exhaust with 92 % DIR fraction at expected flowrates of 
100 Pa⋅m3⋅s− 1 for a future fusion power plant.

1. Introduction

Fusion has been the technology that is always 30 years away [1]. 
However, with the recent breakthrough demonstrating energy gain 
through a fusion experiment [2,3] and billions of dollars of private and 
public investment [4–6], the US has targeted demonstration of com
mercial fusion within the next decade. Leading concepts rely on the 
fusion of the hydrogen isotopes deuterium (D) and tritium (T), which 
releases energetic He (3.5 MeV) and a neutron (14.1 MeV) [7]. This 
energy is captured in a working fluid and used to generate steam for 
conventional electricity generation. Like fission, fusion would be a firm 
energy resource without operational emissions and could contribute to 
the deep decarbonization of the electricity generation. A significant 
difference between fusion and commercial nuclear fission is that fusion 
does not generate long-lived radioactive waste [8].

Many designs have been explored to generate and sustain the plasma 
require for fusion reaction, with magnetically confined tokamaks being 
the most advanced [9–11] and the reactor of choice for ITER [12] and 
DEMO concepts [13]. Additional concepts include the stellarator [14,
15], laser-driven inertial confinement [16], Z-pinch [17,18], and mirror 
confinement [19]. Regardless of the technology, they all require cost 
effective and safe fuel processing. Fig. 1 displays a simplified schematic 

of the fusion fuel cycle. Deuterium, being relatively abundant (0.016 %), 
is suppled from a reservoir [7]. Tritium, a radioactive isotope with a 
short half-life (t½ ~ 12.3 years), must be continuously generated on site 
for a self-sustaining fuel cycle [20]. Neutrons from the plasma react with 
lithium compounds in a breeder blanket to form T and He [7]. This 
tritium is then purified and returned to the fuel stream. In the plasma, 
only a small fraction (~1 %) of DT reacts, creating a large recycling 
stream that must be fully purified from helium ash and other impurities. 
Two options are available for this purification. The conventional 
approach is to use a tritium plant which employs energy and CapEx 
intensive techniques such as cryogenic distillation for isotope separation 
which leads to large tritium inventory and processing times [21]. As 
suggested by Day and co-workers [22,23], direct internal recycling 
(DIR) refers to the process of extracting DT from the plasma exhaust and 
bypassing the tritium plant. Techno-economic and conceptual design 
studies have shown that increasing the fraction of the exhaust fraction 
processed by DIR has profound benefits [24]. Increasing the DIR fraction 
(DIRf) dramatically reduces the size and cost of the tritium plant. 
However, processes in the tritium plant, such as the isotope separation 
system, must still remove protium ingress into the DT fuel stream. It has 
been estimated that the ideal DIR fraction is ~80 % [24,25].Auxiliary 
benefits include reductions in the tritium startup inventory, the tritium 

* Corresponding author.
E-mail address: cwolden@mines.edu (C.A. Wolden). 

Contents lists available at ScienceDirect

Fusion Engineering and Design

journal homepage: www.elsevier.com/locate/fusengdes

https://doi.org/10.1016/j.fusengdes.2024.114705
Received 14 August 2024; Received in revised form 24 October 2024; Accepted 28 October 2024  

Fusion Engineering and Design 209 (2024) 114705 

Available online 2 November 2024 
0920-3796/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

mailto:cwolden@mines.edu
www.sciencedirect.com/science/journal/09203796
https://www.elsevier.com/locate/fusengdes
https://doi.org/10.1016/j.fusengdes.2024.114705
https://doi.org/10.1016/j.fusengdes.2024.114705
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fusengdes.2024.114705&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


breeding ratio, and the residence time associated with recycling.
The plasma exhaust is expected to be at low pressure (~1–50 Pa), 

precluding the use of many conventional separation technologies. The 
leading technology for DIR is the metal foil pump (MFP), which operates 
under the principle of superpermeation [26,27]. The placement of the 
MFP is a critical consideration. Placing it near the divertor exposes it to 
superthermal hydrogen isotopes but also subjects it to potential degra
dation from energetic neutrons, ion bombardment, extreme tempera
ture, and strong electromagnetic fields. Alternatively, positioning it 
farther downstream reduces exposure to these factors but necessitates a 
secondary source for superthermal hydrogen generation [28,29]. The 
present work is directed at the latter option, downstream operation at 
low temperature using a shielded secondary plasma source. An external 
source (plasma/hot filament) is used to generate superthermal hydrogen 
(H, H+) that impinges upon the MFP. In superpermeation, these excited 
atoms directly absorb into the metal, which is a function of the 
impinging flux (ΓH), metal solubility, and the state of the surface [26]. H 
atoms can also adsorb to the surface and recombine or simply reflect 
back into the plasma. However once absorbed, atomic hydrogen rapidly 
diffuses and establishes a near uniform concentration across the foil [30,
31]. A characteristic of superpermeation is that the flux is independent 
of diffusion coefficient and foil thickness, and indeed we [32] and others 
[35] have observed nominally identical flux for hydrogen and deute
rium, and thus would expect the same for tritium. Finally, hydrogen 
atoms recombine on the surfaces and desorb as molecular hydrogen. 
Hydrogen can desorb both upstream and down, but the rates can differ 
based on the surface state of the membrane [30]. In the presence of a 
high impinging flux (ΓH) such as employed here we suggest that up
stream recombination (of bulk absorbed H) is negligible since it would 
be expected that the plasma facing surface is saturated in H, preventing 
bulk H from segregating to the surface [32].

Pioneering MFP development was done by Waelbrock et al. [33,34] 
using iron foils and the Livshits’ group who championed the group Va 
metals (Nb, V, Ta) with body-centered cubic (BCC) crystal structure 
[35–37]. The Karlsruhe group has continued the development of these 
BCC MFPs for application in the DEMO reactor [25,38,39]. Studies of Pd 
MFPs have largely been limited to understanding the fundamentals [30,
40–42]. More recently, we have demonstrated the tremendous potential 
of Pd-based MFPs for low temperature superpermeation [32]. We have 
achieved the highest flux reported to date, with the palladium copper 
(PdCu) alloy delivering both lowest cost and highest performance. 
Performance is limited by H solubility, and the flux increases expo
nentially as the temperature is reduced. Moreover, we recently 

demonstrated that high flux is maintained while compressing to pres
sures (> 1000 Pa), which offers potential simplifications to the down
stream pump train [43].

Since the origination of the DIR concept over a decade ago, there 
have been no reported demonstrations. Almost all studies of super
permeation and MFPs to date have employed pure hydrogen or trace 
impurities [26]. In practical DIR the initial level of helium is dilute, but 
it is enriched in helium as the hydrogen isotopes are extracted. In a 
systematic study of He/H2 mixtures from 0 − 100 % to first order the flux 
scales with the hydrogen content [44]. However, we also demonstrated 
that low energy He+ ion implantation can inhibit superpermeation, even 
at very low fluence (<1012 cm− 2). Indeed, one study showed that the 
flux was significantly attenuated as the He fraction was increased from 
0 to 30 % in Nb foils operated at T = 807 ◦C [45]. The authors attributed 
the decline to changes in the surface state, but He+ absorption could 
have potentially been a contributor. Fortunately, the impact of He+

implantation may be mitigated through low temperature operation. 
Herein we demonstrate continuous DIR using a PdCu MFP with fractions 
up to 92 % from a simulated plasma exhaust (1 % He/H2). In addition, 
we demonstrate semi-batch operation for complete extraction of 
hydrogen leaving a pure He plasma, which may provide a cost-effective 
alternative to other separation strategies such as cryogenics and getter 
beds. The data obtained here are used to estimate MFP area re
quirements as a function of DIRf and exhaust flowrate to provide guid
ance for practical DIR design in future fusion plants.

2. Experimental

The experimental setup configuration employed in this study is the 
same as our earlier work, with detailed specifications provided therein 
[32,46]. A simplified schematic of setup is illustrated in Fig. 2. Briefly, 
the PdCu foils (ATI Specialty Alloys and Components, Albany, OR, USA) 
were 25 µm thick and mounted using a VCR fitting that made the 
effective permeation area of 0.93 cm2. Prior to permeation tests, the foils 
underwent 30-minute Ar+ cleaning on both sides. Ultra-high purity feed 
gas was supplied using calibrated electronic mass flow controllers to a 
quartz inductively coupled plasma (ICP) source that exited and 
impinged upon the PdCu MFP, which was maintained at T = 75 ◦C using 
a PID-controlled heater. The upstream pressure (P1) was set by con
trolling the feed flowrate and the adjustable gate valve. The downstream 
chamber was also evacuated by a turbopump to a base pressure of < 6 ×
10− 6 Pa, and the molar flowrate of the pure hydrogen permeate 
(npermeate) was determined by measuring P2 and using a calibration curve 

Fig. 1. Simplified schematic of DT fusion fuel cycle with a DIR loop.
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as described previously [32]. Optical emission spectroscopy (OES, 
SpectroVis Plus, Vernier) was used to characterize the plasma both up
stream at the ICP coil and directly above the MFP.

For DIR experiments a 1 % He/H2 mixture was supplied as the feed 
gas to simulate a torus exhaust. Two distinct approaches to DIR were 
employed to achieve hydrogen purification: (i) continuous operation 
and (ii) a semi-batch design. In the continuous process the DIR fraction, 
denoted as DIRf , is calculated by the following equation: 

DIRf =
npermeate

0.99 × nfeed
× 100% (1) 

where, nfeed and npermeate represent the steady state molar flowrates (in 
mol⋅s− 1) of the feed gas (1 % He/H2) and permeation gas (pure H2), 
respectively. The average helium concentration (%) exiting the retentate 
is related to the DIRf by Eq. (2). 

CHe =
100

100 − 99 × DIRf
(2) 

As described below the flowrates and pressures fluctuate during the 

semi-batch DIR process. These values were all collected using LabVIEW, 
and the DIRf was calculated by integrating these quantities over the 
course of the semi-batch experiment via Eq. (3). 

DIRf =
Npermeate

0.99 × Nfeed
=

∫
npermeate dt

0.99 ×
∫

nfeed dt
× 100% (3) 

In this equation, Nfeed and Npermeate are the total amounts (in mol) of 
feed supplied and permeate collected, respectively. Eq. (2) remains valid 
for the helium concentration calculation in the semi-batch process, 
which of course varies with time. Further elaboration on the differences 
between continuous and semi-batch operation is provided in the next 
section.

3. Results

3.1. Optimization of plasma conditions

Parametric studies were first performed using pure H2 plasma to 
optimize plasma conditions. Fig. 3 displays the relative flux as a function 

Fig. 2. Simplified schematic of the plasma permeation setup used for DIR tests.

Fig. 3. (a) Comparison of H flux relative to the maximum at P = 10 Pa through a PdCu foil at T = 75 ◦C and literature values for hydrogen dissociation as a function 
of pressure at RF = 100 W = 1.25 W/cm3; (b) Comparison of H flux relative to the maximum value at 120 W through a PdCu foil at T = 75 ◦C and literature values 
[47] for hydrogen dissociation as a function of RF power density at P1 = 10 Pa. Absolute power used in flux experiments shown on secondary x axis.
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of pressure and RF power density with the foil at T = 75 ◦C. Dobele et al. 
[47] measured the hydrogen dissociation in an ICP plasma at similar 
pressures and power densities using two-photon absorption laser 
induced fluorescence (TALIF), and this data are reproduced for com
parison. As shown in Fig. 3a the H flux exhibits a clear optimum at P =
10 Pa. This reflects the classic tradeoff observed in plasma processes 
between density, which scales with pressure, and electron temperature 
that scales with its inverse. Superpermeation is dominated by hydrogen 
radicals since their density is 2–3 orders of magnitude greater than H+, 
and this is supported by the TALIF measurements indicating that the 
degree of hydrogen dissociation is also maximized at 10 Pa. With the 
pressure fixed at 10 Pa they found that the H atom density increases and 
then saturates with increasing power not unlike what we observe in 
terms of flux (Fig. 3b). Several experiment and modeling studies of 
hydrogen plasmas have placed the atomic hydrogen fraction at ~10 % 
and absolute density ~1014 cm− 3 under these optimal conditions 
[47–49]. We note that we do not expect perfect agreement as the TALIF 
measurements were from the center of the discharge and the MFP is 
placed downstream and the geometries are not identical. Nevertheless, 
the excellent correspondence between the two is consistent with the idea 
that superpermeation is driven by the atomic H flux. Another conse
quence of plasma power is substrate heating, and 100 W was the highest 
power that could be employed while maintaining the temperature at 75 
◦C during long term experiments. Based on this optimization P = 10 Pa 
and RF = 100 W were used for the steady state experiments.

3.2. Continuous DIR process

Fig. 4a shows the schematic of the continuous DIR approach that was 
conducted at steady state. To start the experiment, the gate valve was 
fully opened, and the chamber was supplied with surrogate exhaust 

containing 1 % He/H2 and the plasma was ignited. The flowrate was 
adjusted to set the upstream pressure at the optimal value of P1 = 10 Pa. 
At this initial condition the flux was ~5 × 10− 3 mol(H)⋅m− 2⋅s− 1 and the 
DIRf was 9 %. After 20 min of operation the inlet flowrate was reduced, 
and the gate valve was adjusted to maintain P1 = 10 Pa and the 
permeation flux was recorded to calculate the new DIRf . This process 
was iterated to obtain all the presented data (Fig. 4c). The specific feed 
and permeate flowrates employed are tabulated in the supplemental 
information (Table S2). Notably, the PdCu MFP exhibited stable and 
high hydrogen permeation flux across the range of DIR levels examined 
during the testing intervals of 20 min (the noise observed in the flux 
measurement in Fig. 4c is an artifact of manually controlling the gate 
valve to maintain the desired 10 Pa pressure). There is a slight decline in 
the permeation flux as the DIR level is increased. Nevertheless, the flux 
remained high (~4 × 10− 3 mol(H)⋅m− 2⋅s− 1) at DIRf = 92 %. This 
reduction is consistent with dilution due to the degree of helium 
enrichment [44].

Fig. 4b provides photos taken at each steady-state DIR level, 
capturing both the upstream ICP source and through the view port 
orthogonal to the MFP. For perspective, we have included photographs 
of a pure H2 plasma at 0 % DIR (where the PdCu foil was replaced with a 
blank stainless-steel VCR gasket) and He plasmas, respectively. The pure 
hydrogen plasma is pink exiting the ICP coil and appears less intense and 
more purple when it impinges on the MFP. In contrast, the helium 
plasma is blue and appears more intense downstream. In the case of DIR, 
from 9 % to 32 % levels, the plasma color right in front of the MFP was 
nominally identical to the 0 % DIR case. Moving to 60 % and then to 92 
%, the upstream plasma is not substantially changed but downstream it 
develops a subtle blue hue more characteristic of helium. However, 
Fig. 4d, which shows the OES results measured directly in front of the 
MFP, indicates that the main emissions at the tested DIR fractions 

Fig. 4. (a) Schematic of continuous DIR experiment; (b) photos of the upstream plasma and plasma immediately in front of the MFP at those DIR levels; with photos 
of pure hydrogen and helium plasma included for perspective; (c) permeation flux vs. time observed during continuous processing of 1 % helium exhaust at selected 
DIR fractions. (d) OES results measured directly in front of the MFP at various selected DIR fractions.
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remain dominated by the Hα peak, with no noticeable differences 
compared to pure H2 plasma emission. This is a reasonable observation, 
as the bulk He concentration in the retentate gas was <12 % even when 
the DIR fraction reached 92 %. This explains why stable permeation was 
achieved at such high DIR levels during the experimental periods. Our 
previous study [44] demonstrated that the plasma characteristics were 
not significantly perturbed until the He fraction reached 60 %, and 
stable flux was observed until the He concentration reached 80 %, a 
much higher value than what is obtained during continuous DIR oper
ation. Nevertheless, longer term experimentation is required to fully 
understand these questions of durability.

3.3. Semi-batch DIR process

Fig. 5a shows the operation schematic of the semi-batch DIR 
approach. The knowledge gained from the continuous DIR experiments 
were used to design the semi-batch process. Although flowrates and 
pressures are inherently changing throughout, the process was designed 
to maximize the length of pseudo steady state operation near the optimal 
pressure of P1 = 10 Pa. The experiment began by evacuating the feed 
chamber to base pressure, closing the valve, and initiating a constant 
flow of 1 % He/H2 mixture at a rate of 2.2 × 10− 7mol⋅s− 1 at t = 0. The 
pressure rises linearly and at t ~1 min the plasma is ignited, coinciding 
with a step increase in permeation flux (Fig. 5c). At plasma ignition the 

Fig. 5. (a) Schematic of semi-batch DIR experiment; (b) photographs showing plasma right in front of the MFP at selected times; (c) transient H flux (blue, left axis) 
and feed chamber pressure (red, right axis) during semi-batch DIR process approaching 100 % H2 recovery; (d) DIR fraction (black, left axis) and average He 
concentration (blue, right axis) in the chamber though the semi-batch experiment; (e) transient OES signals of the Hα peak, Hβ peak, and He (587 nm) peak; (f) OES 
intensity ratios of He (587 nm)/Hα, He (587 nm)/Hβ, and Hβ/ Hα.

C. Li et al.                                                                                                                                                                                                                                        Fusion Engineering and Design 209 (2024) 114705 

5 



molar flowrate of hydrogen exiting through the MFP is initially greater 
than the inlet flowrate, resulting in a decrease in pressure. As shown in 
Fig. 5d the DIRf rapidly increases to 90 % and then slowly increases to 
~95 %, which is reflected by He concentration increasing quickly above 
to 10 % and more slowly towards 20 %. The permeation flux appears 
stable on the semi-log plot, but it is slowly decreasing as the He level is 
steadily enriched. This is reflected in the pressure trace (Fig. 5c) which 
declines to a minimum at t ~ 4 min before then increasing once the feed 
flowrate exceeds the rate of permeation. Nevertheless, under the chosen 
operating conditions a relatively stable permeate flux is maintained for 
nearly an hour of transient operation.

Approaching an hour the pressure exceeds 20 Pa and there is a 
noticeable decline in the permeation flux which accelerates the rate of 
pressure rise, perfectly consistent with the pressure dependence re
ported in Fig. 3a. Once the pressure reached P1 ~ 40 Pa (t ~61 min) the 
gas feed to the system was stopped while the plasma operation 
continued. The pressure then rapidly declined as the remaining H2 was 
rapidly pumped out of the chamber, saturating at P1 ~14 Pa after t = 64 
min. During this time the flux drops exponentially, and the DIR fraction 
rapidly approaches unity. However, the flux does not reach zero over 
this time scale as it takes time for the H to fully exit the foil and fall from 
its super-equilibrium concentration levels during hydrogen plasma 
exposure. The calculated He concentration does not reach 100 %, but 
this value is within experimental error, as a < 1 % change in flux would 
lead to He levels in excess of 100 %. A more accurate estimate is the 
cumulative DIRf, and we can comfortably state that >99.8 % of the H2 
supplied to the system permeated through the MFP.

Plasma photos captured from the viewport are presented in Fig. 5b. 
The photo taken at t = 2 min closely resembles the continuous low-level 
DIR photos described earlier, as the real-time DIRf was not significantly 
pronounced. Photos through 60 min exhibited minimal differences, 
reflecting the pseudo steady state nature of the operation within this 
time frame. The photos taken at 65 and 80 min mirror the pure helium 
plasma observed in Fig. 4b, consistent with a DIRf approaching unity. 
This provides compelling evidence that near unity DIR level can be 
achieved with semi-batch operation. Figs. 5e and 5f provide information 
on plasma OES collected immediately in front of the MFP throughout the 
entire test. Specifically, three emission peaks, Hα (656 nm), Hβ (484 nm), 
and He (587 nm), were continuously recorded. For the first hour Hα was 
the main emission. and there is a slow increase in its intensity was due to 
the gradual pressure rise in the chamber. The contributions of Hβ and He 
were negligible during this period. This is consistent with the steady 
state spectra obtained during continuous DIR (Fig. 4d). Approaching the 
hour mark there is a sharp drop in Hα as the pressure becomes excessive, 
followed by a sharp spike when the gas is stopped and the pressure 
drops, and then followed by a sharp drop due to the rapid removal of 
remaining hydrogen from the feed side chamber. Upon extinction of the 
feed gas coincided with a sharp increase in both the Hβ and He signals. 
The He (587 nm) peak increases monotonically and approaches satu
ration while after a sharp spike the Hβ decreases as hydrogen is removed. 
This step function upon cessation of the feed flow is shown most clearly 
by looking at the peak ratios (Fig. 5f). The shift in the β/α ratio is 
attributed to an increase in electron temperature in the predominantly 
He plasma, due to its much greater ionization energy (24.6 vs. 13.6 eV). 
The increased electron temperature favors the more energetic β transi
tion (n = 4→2) relative to α (n = 3→2), where n is the principal quantum 
number. Thus, the change in plasma color from pink toblue as the DIRf is 
increases is due both to the increased He intensity as well as a shift in the 
H emission.

The supplementary information includes a video from a preliminary 
experiment that illustrates the dynamics of the semi-batch experiment. It 
was performed at slightly different conditions but shares all the features 
of experiment described in Fig. 5.

4. Discussion

The data above were used to estimate area requirements to process 
the exhaust of a future fusion plant. Fig. 6 presents the MFP size cal
culations as well as the normalized flux as a function of the DIR fraction. 
For continuous DIR a capacity factor of 90 % is assumed to account for 
maintenance time, so the MFP requirements are the ideal area/0.9, 
defined in units of m2/[Pa⋅m3⋅s− 1]. In this context, to process an exhaust 
of 100 Pa⋅m3⋅s− 1 at 90 % DIRf, the permeate flowrate would be ~90 
Pa⋅m3⋅s− 1 and the required area of PdCu foil is approximately 22 m2. 
The recovered hydrogen flowrate at 50 % DIRf would be ~50 Pa⋅m3⋅s− 1, 
and the area requirements would be reduced accordingly. Since there is 
just a minor decline (13 %) in permeation flux (black squares) as the 
DIRf is increased from 9 to 92 % the required membrane area (red cir
cles) increases essentially linearly with DIRf. This also highlights the 
critical importance of tritium burn efficiency. For a fixed power level, if 
the DT conversion was increased to 2 %, Fig. 6 would not change sub
stantially but the total flowrate would be reduced by half. Conversely, a 
yield of 0.5 % would double the total flowrate, but the specific area 
requirements would not change substantially.

Fig. 6 also contains data points (open symbols) for the 100 % DIRf 
semi-batch process shown in Fig. 5. In the semi-batch process the initial 
flux reached 5.3 × 10− 3mol(H)⋅m− 2⋅s− 1, not unlike continuous DIR, but 
when averaged over 64 min the average flux was 4.29 × 10− 3mol(H)⋅ 
m− 2⋅s− 1. However, there is an additional factor that must be considered 
for the semi-batch process. In continuous DIR the He concentration 
reaches ~10 %, and its ionization fraction is low relative to hydrogen 
[44]. This is why we observe stable flux and assume a high-capacity 
factor, with periodic regeneration to remove impurities besides He. 
However, in the 100 % DIRf semi-batch experiment the MFP is exposed 
to pure He plasma at the end of the process, which even at low tem
perature attenuates performance [44]. Despite the limited exposure 
time, significant attenuation was observed after two semi-batch cycles, 
as depicted in Fig. 7. The hydrogen flux was attenuated ~60 % after two 
semi-batch experiments relative to its initial state, and this is due to the 
extended He plasma exposure that occurs at the end of the semi-batch 
experiments (Fig. 5c) Encouragingly, helium retention is confined to 
the near surface region (<10 nm [44]), and we have shown that 100 % 
recovery with an ex situ sputter clean. Ideally this would be done with an 
in-situ Ar+ sputter process. Furthermore, we hypothesize that He+ im
plantation may be completely eliminated with the application of a 
modest positive bias, since the threshold for implantation is ~10 eV 
However, we do not have in situ bias capabilities at present to test this. 
Thus, to be conservative we assume a 50 % capacity factor. Thus, the 
higher MFP area requirements for the semi-batch process reflect this 

Fig. 6. Normalized flux and specific area requirements as a function of DIR 
fraction for the continuous process (filled symbols) and the semi-batch opera
tion at DIRf ~ 100 % (open symbols).
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capacity factor, not a substantial decrease in average flux.
As noted above, modeling studies target DIR fractions of ~80 %, as it 

is suggested that the conventional tritium plant requires a minimum 
flowrate to effectively remove protium ingress [24,25]. However, the 
relative ease of approaching 100 % DIR fractions demonstrated here 
may warrant reassessment of this view. In addition, there may be 
additional He/H2 separations where an MFP operated near ambient 
temperatures presents advantages over conventional technologies. 
Lastly, while the semi-batch process produces predominantly He, traces 
of hydrogen remain as noted by persistent OES signatures (Fig. 5). 
Tritium accountancy is critical, and a more detailed analysis of the pu
rity levels is a topic that is left for future work.

5. Conclusions

Herein we presented the first successful demonstration of direct in
ternal recycling, a critical component for efficient fuel processing in 
future fusion plants. DIR fractions approaching unity were experimen
tally demonstrated using a PdCu MFP operating at 75 ◦C with simulated 
torus exhaust (1 % He/H2). Both continuous and semi-batch processes 
were validated. For continuous DIR the optimal plasma pressure was 
identified at approximately 10 Pa and stable permeation flux was 
observed up to 0.92 DIRf within the testing time intervals. A semi-batch 
process was designed that maintained near optimal conditions and 
delivered steady flux for an hour, successfully achieving >99.8 % DIRf. 
Under the describe and experimental conditions, ~20 m2 MFP area 
would suffice to process fusion exhaust with 90 % DIR fraction at ex
pected flowrates of 100 Pa⋅m3⋅s− 1 using the continuous process. Alter
natively, approximately 45 m2 of MFP area would be required assuming 
stable operation with two banks of semi-batch processes. It is suggested 
to integrate an in-situ Ar+ sputter cleaning into practical DIR designs to 
facilitate MFP regeneration from helium retention and other impurities 
contamination, ensuring long-term optimal operation of MFPs running 
at high DIR fractions.
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the degree of dissociation in an inductively coupled hydrogen plasma using optical 
emission spectroscopy and laser diagnostics, Plasma Sources Sci. Technol. 15 
(2006) 620–626, https://doi.org/10.1088/0963-0252/15/4/005.

[48] Y. Kathage, S. Hanke, T. Giegerich, C. Day, Atomic hydrogen production in a cold 
plasma for application in a metal foil pump, Phys. Plasmas 31 (2024) 043503, 
https://doi.org/10.1063/5.0190210.

[49] S.-R. Huh, N.-K. Kim, B.-K. Jung, K.-J. Chung, Y.-S. Hwang, G.-H. Kim, Global 
model analysis of negative ion generation in low-pressure inductively coupled 
hydrogen plasmas with bi-Maxwellian electron energy distributions, Phys. Plasmas 
22 (2015) 033506, https://doi.org/10.1063/1.4914088.

C. Li et al.                                                                                                                                                                                                                                        Fusion Engineering and Design 209 (2024) 114705 

8 

https://doi.org/10.1016/j.fusengdes.2018.04.001
https://doi.org/10.1088/1741-4326/ac49ac
https://doi.org/10.1016/j.fusengdes.2017.05.034
https://doi.org/10.1016/j.fusengdes.2017.05.034
https://doi.org/10.13182/FST10-316
https://doi.org/10.13182/FST10-316
https://doi.org/10.1063/5.0004228
https://doi.org/10.1063/5.0004228
https://doi.org/10.1016/j.fusengdes.2005.08.092
https://doi.org/10.1016/j.fusengdes.2005.08.092
https://doi.org/10.1088/1741-4326/aa5e54
https://doi.org/10.1088/1741-4326/aa5e54
https://doi.org/10.1088/1741-4326/aa9d25
https://doi.org/10.1088/1741-4326/aa9d25
https://doi.org/10.1016/S0920-3796(02)00105-9
https://doi.org/10.1016/S0920-3796(02)00105-9
https://doi.org/10.1016/j.fusengdes.2013.05.026
https://doi.org/10.1016/j.fusengdes.2013.05.026
https://doi.org/10.1016/j.fusengdes.2019.04.019
https://doi.org/10.1016/j.fusengdes.2019.04.019
https://doi.org/10.1088/1741-4326/abbf35
https://doi.org/10.1016/j.fusengdes.2021.112969
https://doi.org/10.1016/j.fusengdes.2021.112969
https://doi.org/10.1016/0022-3115(85)90459-3
https://doi.org/10.1016/0022-3115(90)90329-L
https://doi.org/10.1016/0022-3115(90)90329-L
https://doi.org/10.1016/S0022-3115(06)80023-1
https://doi.org/10.1016/j.fusengdes.2019.03.147
https://doi.org/10.1016/j.fusengdes.2019.03.147
https://doi.org/10.1016/S0022-3115(02)01370-3
https://doi.org/10.1016/j.nme.2016.09.001
https://doi.org/10.1016/j.jnucmat.2023.154484
https://doi.org/10.1016/j.jnucmat.2023.154484
https://doi.org/10.1016/0022-3115(79)90514-2
https://doi.org/10.13182/FST85-A24621
https://doi.org/10.13182/FST08-A1868
https://doi.org/10.1063/1.368418
https://doi.org/10.1016/S0022-3115(98)00693-X
https://doi.org/10.3390/plasma6040049
https://doi.org/10.3390/plasma6040049
https://doi.org/10.1016/j.fusengdes.2017.05.124
https://doi.org/10.1016/j.memsci.2008.04.045
https://doi.org/10.1016/j.memsci.2008.04.045
https://doi.org/10.1016/0022-3115(84)90432-X
https://doi.org/10.1016/0022-3115(84)90432-X
https://doi.org/10.13182/FST02-A22719
https://doi.org/10.13182/FST02-A22719
https://doi.org/10.1080/15361055.2024.2415794
https://doi.org/10.1080/15361055.2024.2415794
http://refhub.elsevier.com/S0920-3796(24)00555-6/sbref0044
http://refhub.elsevier.com/S0920-3796(24)00555-6/sbref0044
http://refhub.elsevier.com/S0920-3796(24)00555-6/sbref0044
https://doi.org/10.1016/S0168-583X(01)00589-4
https://doi.org/10.1016/j.nme.2023.101529
https://doi.org/10.1088/0963-0252/15/4/005
https://doi.org/10.1063/5.0190210
https://doi.org/10.1063/1.4914088

