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ARTICLE INFO ABSTRACT
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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 purifed through DIR signifcantly reduces the size and cost of the tritium plant and provides

L:It:sr': additional benefts including reduced requirements for both the tritium startup inventory and tritium breeding
Plasma 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 fux 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 m? would be suffcient to process the fusion exhaust with 92 % DIR fraction at expected Fowrates of

100 Pa-m®:s~? 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 fuid and used to generate steam for
conventional electricity generation. Like Fssion, fusion would be a frm
energy resource without operational emissions and could contribute to
the deep decarbonization of the electricity generation. A signifcant
difference between fusion and commercial nuclear fssion 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 confned 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 confnement [16], Z-pinch [17,18], and mirror
confnement [19]. Regardless of the technology, they all require cost
effective and safe fuel processing. Fig. 1 displays a simplifed schematic
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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 (ty, ~ 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 purifed 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 purifed from helium ash and other impurities.
Two options are available for this purifcation. 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 benefts [24]. Increasing the DIR fraction
(DIR¢) 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
benefts include reductions in the tritium startup inventory, the tritium
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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 felds. 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 Flament) 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 fux (['y), metal solubility, and the state of the surface [26]. H
atoms can also adsorb to the surface and recombine or simply refect
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 fux is independent
of diffusion coeffcient and foil thickness, and indeed we [32] and others
[35] have observed nominally identical fux 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 fux (I'y) 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 fux reported to date, with the palladium copper
(PdCu) alloy delivering both lowest cost and highest performance.
Performance is limited by H solubility, and the fux increases expo-
nentially as the temperature is reduced. Moreover, we recently
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demonstrated that high fux is maintained while compressing to pres-
sures (> 1000 Pa), which offers potential simplifcations 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/H; mixtures from 0 —100 % to frst order the fux
scales with the hydrogen content [44]. However, we also demonstrated
that low energy He™ ion implantation can inhibit superpermeation, even
at very low fuence (<102 cm~2). Indeed, one study showed that the
fux was signifcantly attenuated as the He fraction was increased from
0to 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/H5). 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-
guirements as a function of DIR; and exhaust fowrate to provide guid-
ance for practical DIR design in future fusion plants.

2. Experimental

The experimental setup confguration employed in this study is the
same as our earlier work, with detailed specifcations provided therein
[32,46]. A simplifed schematic of setup is illustrated in Fig. 2. Briefy,
the PdCu foils (ATI Specialty Alloys and Components, Albany, OR, USA)
were 25 um thick and mounted using a VCR ftting that made the
effective permeation area of 0.93 cm?. 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 fow 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 Fowrate and the adjustable gate valve. The downstream
chamber was also evacuated by a turbopump to a base pressure of < 6 x
1078 Pa, and the molar fowrate of the pure hydrogen permeate
(Npermeate) Was determined by measuring P, and using a calibration curve

Deuterium
Inventory

Distribution

Breeder
Blanket

99% DT/He
Plasma Exhaust

Tritium

Plant

Direct Internal Recycling (DIR)

DT/He

Fig. 1. Simplifed schematic of DT fusion fuel cycle with a DIR loop.
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Fig. 2. Simplifed schematic of the plasma permeation setup used for DIR tests.

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

n permeate

DIR; = . Permeate
f ™ 0.99 X Nfeeq

x 100% @)
where, Ngeq and Npermeate represent the steady state molar Fowrates (in
mol-s—1) of the feed gas (1 % He/Hy) and permeation gas (pure Hy),

respectively. The average helium concentration (%) exiting the retentate
is related to the DIR; by Eqg. (2).

100

Cho=mo—
He ™ 100 — 99 x DIR;
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As described below the fowrates and pressures fuctuate during the
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semi-batch DIR process. These values were all collected using LabVIEW,
and the DIR; was calculated by integrating these quantities over the
course of the semi-batch experiment via Eq. (3).

N n dt
DI Rf _ permeate o f permeate

- 100% 3
0.99 % Neg  0.99 X [Npeg At "0 ®

In this equation, Nreq and Npermeae 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 frst performed using pure H; plasma to
optimize plasma conditions. Fig. 3 displays the relative fux as a function

Power (W)
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Fig. 3. (a) Comparison of H fux 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/cm?; (b) Comparison of H Fux 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 P; = 10 Pa. Absolute power used in fux 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 fuorescence (TALIF), and this data are reproduced for com-
parison. As shown in Fig. 3a the H Fux exhibits a clear optimum at P =
10 Pa. This refects 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 Fxed 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 fux (Fig. 3b). Several experiment and modeling studies of
hydrogen plasmas have placed the atomic hydrogen fraction at ~10 %
and absolute density ~10%* c¢cm™ 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 fux. Another conse-
guence 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

(a) (b)

Continuous
1% HelH,

_ Permeate
DR = —Feed

Upstream plasma
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containing 1 % He/H, and the plasma was ignited. The fowrate was
adjusted to set the upstream pressure at the optimal value of P; = 10 Pa.
At this initial condition the Fux was ~5 x 103 mol(H)-m 25! and the
DIR¢ was 9 %. After 20 min of operation the inlet fowrate was reduced,
and the gate valve was adjusted to maintain P; = 10 Pa and the
permeation fux was recorded to calculate the new DIR¢. This process
was iterated to obtain all the presented data (Fig. 4c). The specifc feed
and permeate fowrates employed are tabulated in the supplemental
information (Table S2). Notably, the PdCu MFP exhibited stable and
high hydrogen permeation fux across the range of DIR levels examined
during the testing intervals of 20 min (the noise observed in the fux
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 fux as the DIR level is increased. Nevertheless, the fux
remained high (=4 x 1072 mol(H)-m~2-s7) at DIR; = 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 H, 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 O % 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

1e-3
8 - ‘ L
(c) (d) l"'a
- ‘ 92% DIR |
"o 1 s
e S o | £ 60% DIR
.E et e P e, ] : o
1 = 0,
£ — 9%DIR § ; 32% DIR |
x —— 16% DIR & ‘
L 21 — 32%DR 8 l 16% DIR |
—— 60% DIR |
. —— 92% DIR lL 9% DIR |
5 10 15 20 400 500 600 700 800 900
Time (min) Wavelength (nm)

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 Fux 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 H, peak, with no noticeable differences
compared to pure H; 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 signifcantly perturbed until the He fraction reached 60 %, and
stable fux 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.

Fusion Engineering and Design 209 (2024) 114705
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 fowrates and
pressures are inherently changing throughout, the process was designed
to maximize the length of pseudo steady state operation near the optimal
pressure of P; = 10 Pa. The experiment began by evacuating the feed
chamber to base pressure, closing the valve, and initiating a constant
Fow of 1 % He/H, mixture at a rate of 2.2 x 10 'mol-s > at t = 0. The
pressure rises linearly and at t ~1 min the plasma is ignited, coinciding
with a step increase in permeation fux (Fig. 5¢). 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 fux (blue, left axis)
and feed chamber pressure (red, right axis) during semi-batch DIR process approaching 100 % H, 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 H, peak, Hy peak, and He (587 nm) peak; (f) OES

intensity ratios of He (587 nm)/H,, He (587 nm)/Hg, and Hg/ H,.
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molar fFowrate of hydrogen exiting through the MFP is initially greater
than the inlet Fowrate, resulting in a decrease in pressure. As shown in
Fig. 5d the DIRs rapidly increases to 90 % and then slowly increases to
~95 %, which is refected by He concentration increasing quickly above
to 10 % and more slowly towards 20 %. The permeation fux appears
stable on the semi-log plot, but it is slowly decreasing as the He level is
steadily enriched. This is refected in the pressure trace (Fig. 5¢) which
declines to a minimum at t — 4 min before then increasing once the feed
Fowrate exceeds the rate of permeation. Nevertheless, under the chosen
operating conditions a relatively stable permeate fux 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 fux which accelerates the rate of
pressure rise, perfectly consistent with the pressure dependence re-
ported in Fig. 3a. Once the pressure reached P; ~ 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 H, was
rapidly pumped out of the chamber, saturating at P; ~14 Pa after t = 64
min. During this time the Fux drops exponentially, and the DIR fraction
rapidly approaches unity. However, the fux 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 fux would
lead to He levels in excess of 100 %. A more accurate estimate is the
cumulative DIRy, and we can comfortably state that >99.8 % of the H,
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 DIR; was not signifcantly
pronounced. Photos through 60 min exhibited minimal differences,
refecting 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 DIR¢ 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. Specifcally, three emission peaks, Hy (656 nm), Hg (484 nm),
and He (587 nm), were continuously recorded. For the Frst hour H, 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 Hz 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 H, 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 Hg and He signals.
The He (587 nm) peak increases monotonically and approaches satu-
ration while after a sharp spike the Hg decreases as hydrogen is removed.
This step function upon cessation of the feed fow is shown most clearly
by looking at the peak ratios (Fig. 5f). The shift in the p/a 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 f transi-
tion (n = 4-2) relative to a (n = 3—2), where n is the principal quantum
number. Thus, the change in plasma color from pink toblue as the DIRy 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.
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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 fux 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,
defned in units of mzl[Pa~m3~s’1]. In this context, to process an exhaust
of 100 Pa-m®.s! at 90 % DIRy, the permeate Fowrate would be ~90
Pa-m3s~! and the required area of PdCu foil is approximately 22 m?.
The recovered hydrogen Fowrate at 50 % DIR; would be ~50 Pa-m%-s~*
and the area requirements would be reduced accordingly. Since there is
just a minor decline (13 %) in permeation fux (black squares) as the
DIRs is increased from 9 to 92 % the required membrane area (red cir-
cles) increases essentially linearly with DIR;. This also highlights the
critical importance of tritium burn effciency. For a fxed power level, if
the DT conversion was increased to 2 %, Fig. 6 would not change sub-
stantially but the total fowrate would be reduced by half. Conversely, a
yield of 0.5 % would double the total fowrate, but the specifc area
requirements would not change substantially.

Fig. 6 also contains data points (open symbols) for the 100 % DIRs¢
semi-batch process shown in Fig. 5. In the semi-batch process the initial
fux reached 5.3 x 10~3mol(H)-m 2571, not unlike continuous DIR, but
when averaged over 64 min the average Fux was 4.29 x 10’3moI(H)~
m~2.s71. 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 fux and assume a high-capacity
factor, with periodic regeneration to remove impurities besides He.
However, in the 100 % DIRs 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, signifcant attenuation was observed after two semi-batch cycles,
as depicted in Fig. 7. The hydrogen Ffux 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. 5¢) Encouragingly, helium retention is confned to
the near surface region (<10 nm [44]), and we have shown that 100 %
recovery with an ex situ sputter clean. ldeally 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 refect this

1

Fig. 6. Normalized fux and specifc area requirements as a function of DIR
fraction for the continuous process (Flled symbols) and the semi-batch opera-
tion at DIR; — 100 % (open symbols).
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Fig. 7. Comparison of pure hydrogen plasma permeation upon ignition at t =
0 between an Ar™ cleaned PdCu foil and the same sample after two semi-batch
DIR tests.

capacity factor, not a substantial decrease in average fux.

As noted above, modeling studies target DIR fractions of ~80 %, as it
is suggested that the conventional tritium plant requires a minimum
fowrate 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/H, 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 frst successful demonstration of direct in-
ternal recycling, a critical component for effcient 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/H>). Both continuous and semi-batch processes
were validated. For continuous DIR the optimal plasma pressure was
identifed at approximately 10 Pa and stable permeation fux was
observed up to 0.92 DIR¢ within the testing time intervals. A semi-batch
process was designed that maintained near optimal conditions and
delivered steady fux for an hour, successfully achieving >99.8 % DIRs.
Under the describe and experimental conditions, —~20 m2 MFP area
would suffce to process fusion exhaust with 90 % DIR fraction at ex-
pected fowrates of 100 Pa-m3st using the continuous process. Alter-
natively, approximately 45 m? 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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