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Abstract

Due to its low atomic number, low sputtering yield, high sputtered ion fraction and excellent thermal properties, liquid
lithium has been proposed as a potential candidate for advanced plasma-facing components (PFC). Using a liquid material
opens the possibility of a continuously flowing, self-regenerating plasma-facing surface with a small residence time. This
would allow such component to handle very high heat loads that are expected. There are, however, multiple unanswered
questions regarding how such a liquid PFC would interact with the plasma in the reactor. The issue of particle control is
critical, and it can be a factor to determine the feasibility of these advanced concepts. Hydrogen and helium are important
in this regard: hydrogen transport by a flowing PFC impacts the reactor fuel recycling regime and tritium inventory;
helium transport can help quantify ash removal by the flowing PFC. The flowing liquid-metal retention experiment
(FLIRE) was built at the University of Illinois to answer some of the questions regarding particle transport by flowing
liquid films exposed to plasmas. Experimental results regarding helium transport by a flowing lithium film after irradiation
with an energetic He ion beam are presented in this work. Retained fraction values up to 2% were measured for the exper-
imental conditions, and the retention was found to increase linearly with implanted ion energy. A pure diffusion model was
used to describe the helium transport by the Li film, and it was found that such model predicts a diffusion coefficient of
(2.8 £ 0.6) x 10~'! m?/s, based on the experimental retention measurements. Preliminary evidence of long-term trapping of
helium will also be presented.
© 2005 Elsevier B.V. All rights reserved.

PACS: 52.40.Hf; 66.10.Cb; 61.80.Jh; 41.75.Ak

1. Introduction

Plasma-facing components (PFCs) on tokamak

— fusion reactors are exposed to a considerable
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divertor plate [1]. The heat load to internal compo-
nents increases even more in the case of off-normal
events, such as vertical displacements, edge-local-
ized modes and disruptions [2-4]. Under these
power fluxes, most materials would vaporize, and
the particles coming from the divertor plate may
find its way into the plasma core. This would cause
radiative losses and fuel dilution, which both
increase as Z, effectively reducing the reaction rate.
Hence, low atomic number impurities are
preferable.

Most tokamaks currently in operation use solid
divertor plates, typically made out of graphite [5]
or tungsten [6], which are materials that can with-
stand normal tokamak operating conditions. How-
ever, there are problems currently associated with
the use of these solid materials:

(1) Solid divertors have very large exposure time
to the plasma, they accumulate damage that
may lead to ultimate failure after a certain per-
iod of time.

(2) Graphite divertors get eroded more rapidly
than their metallic counterparts due to the
chemical sputtering arising from the exposure
to hydrogen plasmas [7].

(3) Tungsten, while having a very low sputtering
yield for hydrogen, has a large atomic number
that makes it an extremely undesirable impu-
rity in the plasma since it can be sputtered
by C or O readily and has a high self-sputter-
ing coefficient. In addition it is hard to couple
with other metals that serve as heat sinks such
as copper [8].

In order to try to mitigate some of these prob-
lems, the use of materials that are already molten
has been proposed. The use of liquids as divertor
materials has some advantages over the use of solid
components:

(1) The exposure time can be adjusted by the use
of a flowing film or jet.

(2) Energy extraction can be done directly from
the liquid outside the reactor.

(3) The component is not permanently damaged.

(4) Fuel trapped on the component can be
extracted outside the reactor for reinjection.

There are, however, uncertainties in the use of
liquid divertors. The effects of electric and magnetic
field configurations on the flow of conducting lig-

uids are not very well known. Fuel (hydrogen) and
ash (helium) intake by the liquid may modify oper-
ation regimes of the reactor. Sputtering yield from
the liquid may increase due to the increased temper-
ature, enhancing impurity transport to the plasma
[9].

Some of the liquids considered for divertor oper-
ation include molten metals and alloys such as lith-
ium [10], tin and tin-lithium alloys [11,12], and
gallium [13]; molten salts like FLiBE [14] have also
been proposed as liquid divertor materials. Lithium
is one of the leading candidates for liquid PFCs in
tokamak reactors, due to its low atomic number,
excellent thermal properties, its self-sputtering being
less than 1, high sputtered ion fraction (2/3), and its
ability to getter hydrogen to operate the reactor in a
very low-recycling mode.

The Flowing Liquid-metal Retention Experiment
(FLIRE) facility at the University of Illinois at
Urbana-Champaign is aimed to help resolve one
of the questions regarding liquid PFCs mentioned
before; that is, the problem of quantifying hydrogen
and helium transport when the liquid has been bom-
barded with energetic ions of such gases, as it would
occur in the divertor of a real fusion reactor. Hydro-
gen transport is important in determining fuel recy-
cling conditions, while helium transport is crucial
for ash removal from the reactor volume. In the first
step, which is reported here, an ion beam is used
as plasma source in order to have a more con-
trolled exposure of the fluid. FLIRE will be
upgraded to study effects arising from the use of
intense ion fluxes from a plasma impinging on the
liquid metal.

2. Measurement of retention coeflicient

The FLIRE facility was designed to allow the
measurement of particles retained. A full descrip-
tion of the facility can be found elsewhere [15,16].
Two vacuum chambers, one on top of the other,
are independently pumped and connected by a
3 x 10 mm rectangular slit, as shown in Fig. 1. The
passage connecting the two chambers gets com-
pletely plugged when the liquid lithium flows
between the two chambers. In the top chamber,
the lithium stream can be exposed to a helium ion
gun which usually requires backfilling with 107>
107 Pa of neutral gas to operate. The bottom
chamber is furnished with a magnetic sector residual
gas analyzer (RGA) capable of detecting partial
pressures as low as 10~ ' Pa.
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Fig. 1. The basic setup of FLIRE, showing the two chambers separated by a small passage. The passage gets plugged by the Li flow,
allowing the RGA to measure only particles carried by the metal flow. Flow direction is indicated by the small arrows.

When a good coverage of the passage is achieved
during the lithium flow, only the helium being des-
orbed from the metal can be detected in the lower
chamber. To test if this condition can be achieved,
experiments with the neutral pressure required for
the ion gun in the upper chamber but the beam
turned off were performed. The FLIRE upper
chamber is filled with 107>-10" Pa of helium, and
the lithium flows in the upper chamber for 40—
50 s, but the ion source is not turned on, so that
He particles are not implanted. The helium signal
in the lower chamber for this experiment is shown
in Fig. 2. It can be seen that the helium signal stays
at background level while the lithium is flowing.
This means that the chambers are adequately iso-
lated from one another, since the neutral pressure
in the upper chamber does not affect the signal in
the lower chamber. The chambers remain isolated
from each other even after the run is over, since
the passage between the chambers is covered by lith-
tum held there by surface tension. A pressure differ-
ential of 130 Pa or more is required to clear the
connecting passage between the two chambers.

The next step is to measure the retained fraction
when the gun is on. The retained fraction is dimen-
sionless, and has to be related to the ratio of time-
scales. One time scale is the average diffusion time,
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Fig. 2. Helium pressure trace in the lower chamber for an
experiment where the ion gun was not turned on. Flow velocity is
0.7 m/s, and the flow lasts 45 s.

related to the implantation range and the diffusion
coefficient. The other time scale is the transit time
between the point of implantation and the exit from
the upper chamber. This time scale is related to the
flow velocity and the path length between the
implantation point and the chamber exit. Hence,
four parameters are key to determine the retained
fraction:
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(1) Flow velocity (faster flow means particles have
less time to escape from the material, so the
retained fraction increases with increased
velocity).

(2) Path length in the upper chamber (shorter
path length gives implanted particles less time
to escape, so the retained fraction increases
with decreased path length).

(3) Diffusion coefficient (fast diffusing particles
escape the material easily, so retained fraction
increases with decreased diffusion coefficient).

(4) Implantation range (deeper implantation
means particles take longer to reach the sur-
face, so retention fraction goes up with range).

The retention coefficient R is defined as the ratio
of total desorption rate in the lower chamber ¢ to
implantation rate in the upper chamber [ (sce
Fig. 1):

q
R= T (1)
Eq. (1) is true only assuming that all the helium that
remains inside the lithium escapes. If some is left
behind, the value needs to be corrected. The issue
of long-term retention will be discussed later in this
work.

Fig. 3 shows the trace of helium in the lower
chamber when a 1.5 keV, 1 pA ion beam is incident
on lithium flowing at an average velocity of 0.7 m/s.
Unlike Fig. 2, the helium signal in the lower cham-
ber rises, but only when the ion gun is on, indicating
that implantation is required in order to transport
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Fig. 3. Helium trace observed in the lower chamber when the

lithium flow is bombarded by a He ion beam with an energy of
1.5keV.

the helium and that the release in general is prompt.
Vertical lines mark the start and the end of the flow,
and the rise and fall of the helium signal is concur-
rent with the beginning and the end of the flow,
respectively. The pressure values shown in the
figures and those used in the calculation of the
retention coefficient have been corrected for the dif-
ference in temperature at the ion gage and for the
ionization efficiency of He vs. the N, calibration
for the RGA.

It can also be noted from Fig. 3 that a steady
state pressure value (within some scatter) is
achieved, so the release rate and the pumping rate
of helium are equal. This equilibrium condition
allows expressing the release rate in terms of the
steady state helium partial pressure during the
run, Py, the pumping speed in the lower chamber,
S, and the gas temperature kT as

Py.S
=—. 2
T (2)

The retention coefficient can then be obtained
from measurable quantities:
r="m8 (3)

IkT
The helium equilibrium pressure Py, can be ob-
tained from the RGA signal, the injection current
I is obtained from the calibration of the ion gun,
the temperature of the measured gas 7 is assumed
to be room temperature, since the He atoms make
many bounces from the chamber walls before
getting detected, and the pumping speed S can be
measured by observing the exponential decay of
the pressure after exposure to a small helium leak.
In previous work, the uncertainty in these last
parameters was very big, leading to unreliable reten-
tion values [17]. The system was modified to reduce
the uncertainty in the pumping speed measurement
drastically. Use of a turbomolecular pump
instead of a cryogenic pump helped resolve the
pumping speed measurement issues encountered in
the past.

The helium ion current was determined during
calibration of the ion source. The measured ion cur-
rent is shown in Fig. 4 for an operating pressure of
1.3%x 1072 Pa and different values of the electron
emission current on the source ionizer. The current
was corrected for secondary ion emission using the
following expression:

]Tot
Iion = . 4
1_A'_~/ ( )
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Fig. 4. The measured He ion current at 1.3 x 1072 Pa of helium
for three different values of filament emission current and
different beam energies.

Ton-impact secondary electron emission coeffi-
cient y data available in the literature [18] was used
to correct the measured current. The current was
found to be linear with both pressure and emission
current, so values for other pressure and emission
values can be found from Fig. 4. The error in the
current arises from fluctuations in the emission cur-
rent during ion gun operation. These fluctuations
are 25% of the nominal emission value at a maxi-
mum, so an error of 25% is assigned to the current.

From Eq. (2), it is clear that the equilibrium pres-
sure is inversely proportional to the pumping speed.
For a given release rate, the equilibrium pressure
increases with decreased pumping speed. For small
release rates, such as the ones expected in this exper-
iment, a small pumping speed is necessary to obtain
a large signal-to-noise ratio on the pressure mea-
surement. The reduction of the pumping speed is
achieved by partial closure of the pump gate valve.
Tests were made in order to determine the optimum
pumping speed, and almost complete closing of the
gate valve was necessary to achieve the right pump-
ing speed. At such openings, small changes in the
valve position may affect the pumping speed signif-
icantly. Hence, pumping speed measurements were
performed after each set of experiments by injecting
a small amount of helium into the lower chamber
and observing the He signal decay. An exponential
fit to this data gives the pumping speed S, since
the signal decay has the following form:

P(t) = Pbckg + P() . e’%. (Sa)

Eq. (5a) can be rewritten as follows to facilitate the
analysis of the data:

IH(P(I) — Pbckg) =InPy— ;l‘. (Sb)

Here, P(¢) is the measured He pressure at time ¢,
Py is the background He pressure in the system,
P, is the initial He pressure before the pumping
starts, V' is the chamber volume and S is the pump-
ing speed. Since the volume of the chamber V is
known, the pumping speed can be obtained from
the time constant of the decay, S/V. Upon fitting
the model of Eq. (5b) to the data, a value of
(4.2 4+ 0.6) x 107*m>/s is obtained for the pumping
speed. The pumping data, along with the fitted
exponential decay, are shown in Fig. 5.

A set of experiments was performed to verify the
expected trend of the retained helium fraction. They
were performed at constant temperature (230 °C)
and average flow velocity (0.7 m/s), and with the
helium beam energy varied between 500 and
4000 eV in 500 eV intervals. At least two experimen-
tal measurements were taken for each value of the
energy to improve the statistics. The helium pres-
sure in the upper chamber was set to 1.3 x 1072 Pa
and the filament emission of the ion source set to
5mA, such that the ion current values for each
energy are very similar to the ones in Fig. 4. The
helium pressure evolution in the lower chamber dur-
ing experiments with beam energies of 1, 2 and
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Fig. 5. Pumping curve for helium in the lower chamber, showing
a fit of the form of Eq. (5b). The pressure drops exponentially,
and the decay constant can be used to calculate the pumping
speed. The parameters of the fit are the background pressure
Pycx, the initial pressure Py and the time constant for the decay
S/V.



106 M. Nieto et al. | Journal of Nuclear Materials 350 (2006) 101-112

1.0x10° L ! 1
n—1keV
TS A o—2keV
8.0x107 éﬁ 1A —A—3keV ||
@ 5
. 6.0x10
e
= T
W
7] - H
O 40x1074 |/ [[H
Q /
) A
i | &
2.0;:103%%é :
OO T T T T
60 80 100 120 140

Time (s)

Fig. 6. Helium pressure traces in the lower chamber obtained
when a lithium flow at 230°C with velocity of 0.7 m/s is
bombarded by a beam with different energy. Horizontal lines in
the plot show the average value of the pressure during the time
the liquid lithium is flowing, delimited by the vertical lines.

3 keV is shown in Fig. 6. As in the case of Fig. 3, the
pressure reaches a plateau during the lithium flow.
The pressure plateau level increases with energy,
and the increase is not due to changes in the value
of the current (see Fig. 4). The average value of
the pressure during the length of the run is also
shown in the figure. The error on the pressure pla-
teau measurement is obtained from the standard
deviation of the pressure data points within the
flowing time; as the energy decreases, the signal-
to-noise ratio gets smaller and hence the uncertainty

of the measurement increases. The pressure plateau
values for the whole set of experiments are pre-
sented in Fig. 7. It can be seen that the release rate
(directly proportional to the pressure) increases with
increasing energy, which is consistent with the
expected behavior of the retention coefficient due
to the higher implantation range. From Eq. (2), it
is clear that values of the pumping speed are needed
in order to convert from pressure to release rate.
Multiplying the data from Fig. 7 by the correspond-
ing value of pumping speed previously obtained,
and dividing by kT for T=25 + 1 °C, the release rate
is calculated. Dividing the release rate by the corre-
sponding ion current, the retained fraction can be
finally found, and a plot of R vs. E, also shown in
Fig. 7, is obtained. Since it was already shown that
zero energy corresponds to zero retained fraction, a
straight line fit with zero intercept is done to the
retention data in Fig. 7, of the form R = KF.
The parameter K is found to be (5.3 40.3)x
1073 keV~!, particular for this set of experimental
conditions, namely flow velocity, path length on
the irradiation chamber and lithium temperature.
This fact will be more evident once the model for
implanted helium transport is discussed in the fol-
lowing section.

Another set of experiments was performed in
order to determine if the ion current intensity had
any effect on the retained fraction. For this second
set, the experimental conditions were the same as
those for the data presented so far, except the emis-
sion current for the source was increased from 5 to
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Fig. 7. Variation with energy of the steady state helium pressure in the lower chamber (right axis) and the retention coefficient calculated

using Eq. (3) (right axis). Both quantities increase linearly with energy.
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7.5 mA, increasing the ion current by the corre-
sponding factor (50%) as shown in Fig. 4. The pro-
cedure used to calculate the retention coefficient was
identical to the one discussed previously. Another
measurement of the pumping speed using the tech-
nique described previously was done to account
for a possible mismatch between the two sets of
experiments after the second set was obtained. The
pumping speed in this case was calculated to be
(3.3 4£0.2) x 10~* m?*/s. This value is slightly differ-
ent from the one for the previous set, but the small
difference indicates that the valve opening is very
similar for both sets.

Fig. 8 presents the values of the release rate for
the two sets of experiments, along with linear fits
for both of them and their corresponding slopes val-
ues, mu for the lower ion current and mp for the
higher ion current. Notice that the slope is higher
for the high current set, indicating that higher
desorption occurs in that case. From Eq. (3), divid-
ing the release rate by the incident current gives the
retention coefficient values, presented in Fig. 9 for
this second set, along with the results from Fig. 7
for the previous set. Notice that the slope difference
observed in Fig. 8 for the two sets of experiments
has been greatly reduced; the slope obtained for
the second set is (6.0 & 0.3) x 107> keV ™!, which is
similar to the value obtained for the previous set.
This fact seems to suggest that the retained fraction
is not dependent on the current intensity, at least for
the ion current levels used in this work. It can also
be seen from Fig. 9 that the retained fraction
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Fig. 8. Desorption rate calculated from Eq. (2) for two different
sets of experiments, with all parameters the same except the ion
current, which was 50% higher for one set. Slope values for the
linear fits of the two sets are shown. Upon dividing this data by
the ion current, retention values are obtained.
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Fig. 9. Retention coefficient values as a function of energy for the
two sets of data. The two sets have very similar slopes, indicating
that the retention does not depend on the incident ion current.

increases linearly with the beam energy, indicating
that it is proportional to the implanted particle
range as expected. Combining the two results from
the experiments gives an average value for K,
(5.6 £0.2)x 10 * keV .

3. Model to describe the helium transport

A model for the transport of implanted helium
has been described in a previous work [17] and also
by other authors [19,20]. It relies on finding the
solution to the following partial differential equa-
tion:
on ’n
E:D@—FG(x,t). (6)
Here, n is the concentration of helium atoms, x is
the distance normal to the flow measured from the
surface into the flowing film, G is the volumetric
source of helium arising from the implantation
and ¢ is the time elapsed for the observer. Eq. (6) ne-
glects any diffusive transport parallel to the flow and
also any turbulent flow effects, so the only mecha-
nism for helium transport in the direction normal
to the flow is diffusion. This partial differential equa-
tion is written for a Lagrangian frame of reference,
where the observer moves along with the flow.
Transformation to the Eulerian frame of reference
is straightforward if constant flow velocity is as-
sumed, since for that case the time elapsed for the
Lagrangian observer ¢ is then equivalent to the dis-
tance traveled by the flow y = vt for the Eulerian
observer.
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The boundary conditions for the differential Eq.
(6) are

n(0,1) =0,
limn =0, (7)
n(x,0) =0.

The first boundary condition states that helium is
not soluble, so the concentration at the surface is
always zero. The second assumes that the thickness
of the film is much larger than the typical length
scales for diffusion and implantation. The initial
(t =0) boundary condition states that there is no
helium present prior to the implantation.

Regarding the source term G, the simplest form
of it assumes that all the current is delivered instan-
taneously and that all particles are implanted at the
mean range:

Glx, 1) = %5@ o). (8)

Here, [ is the implantation current in atoms/s, W is
the width of the flow (a parameter which will be
eliminated later), v is the flow velocity and r is the
mean range of the implanted particles. The Dirac
delta functions J(¢) and J(x —r) represent the
assumptions of instantaneous implantation and
implantation at a unique depth, respectively. These
two assumptions can be removed by replacing the
two delta functions with a normalized implantation
profile f{x) and an implantation history g(¢) repre-
senting a spatial beam profile, also normalized:

Gx,1) = 3= ()g) o)

By using the method of Green’s function [21] the
general solution to Eq. (6) is given by

wi=g [ 10| [ A
n(x,t) = — —_—
Wo J, 0 4nD(t — 1)
X |exp —7()( —<
4D(t — 1)
(x+&)°
exp ( 4D(— 1) dz| dé. (10)
The amount carried into the lower chamber,
which is assumed to be equal to the desorption rate,
is calculated by integrating the concentration profile
over the area normal to the direction of the flow 4 |,

given by W-x. Since the width W is constant, the
integration to be performed is then:

a(0) :v/A n(x, £)dd, :UW/OOCn(x,t)dx. (11)

By using Eqs. (1), (10) and (11), the retained frac-
tion can then be calculated from the following
expression:

Y A t gl
R(t)o_/o {/0 f(é)[/o VaArD(t — 1)
(x—=¢’
% l‘”‘p (‘ 4D(tr)>
— exp (-%)]M] dé}dx. (12)

The effects of the implantation profile and the
beam spatial profile have been studied and found
to be small corrections for the conditions in these
particular experiments [16]. Hence, the assumptions
that g(z) = 6(¢) and fix) = d(x — r), where r is the
average range of the particle is valid. The integra-
tion of (12) is then straightforward and it yields:

R= erf(\/é). (13)

The parameter 0 is given by

}”2

T 4Dt
The time ¢ is just equal to the distance traveled in

the upper chamber L divided by the flow velocity v.
Then the resulting expression for the parameter 0 is

(14)

or?

~4DL”
Since the error function increases with 0, it is

clear that the retained fraction follows the expected
trends if the parameters v, r, D and L are changed.

(15)

4. Estimations of the helium diffusion coefficient in
liquid lithium

According to the model, the retained fraction is
given by Eq. (13), which involves the error function.
To avoid having to calculate the inverse error func-
tion, a linear approximation can be used, since the
argument 0 of the error function is very small, on
the order of 0.01 or less for the experimental param-
eters used in this work. It can be approximated by
the following straight line:

R:erf(\/§>z:1.l3-\/§ for 0 < 0 <0.01. (16)
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If the values of R are available, the diffusion coef-
ficient can be calculated as

1.28vr?
D~ —U; .
4LR
In the preceding section, the retained fraction R

was determined from the experimental measure-
ments:

R=K-E. (18)

(17)

The mean range is linear with the energy, and for
the case of helium particles incident in a lithium tar-
get it is given by

r=((2.5+0.25) x 10 m/keV)E. (19)

Substituting Egs. (18) and (19) into Eq. (17), the
diffusion coefficient is then given by

-16 U

D=(20+04)x10 Tk (20)
The diffusion coefficient D from Eq. (20) is in units
of m?/s if v is given in m/s, L is given in m and K in
keV~'.The average flow velocity v in the experi-
ments was set to 0.7 +0.06 m/s, and the distance
from the beam striking point to the exit of the upper
chamber L is fixed at 0.11 £ 0.05 m. The constant
K=(56+02)x10"2keV"' was determined in
the previous section from the retention data. Use
of these numbers yields a value for the diffusion
coefficient of (4.1 +0.7) x 10~"' m?/s. The individ-
ual values of the diffusion coefficient, D, along with
the value derived by the method described here are
shown in Fig. 10.
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Fig. 10. Diffusion coefficient as a function of energy. The
horizontal lines represent the average value for all the points,
along with its error margin.

The value obtained for the diffusion coefficient
seems small compared to values obtained for Nb
and V at 500 K, on the order of 10~2 m?/s [22]; how-
ever, diffusion of He in Mg, Al and steel is on the
order of 107'*-107'®m?/s [23-25], smaller than
the value obtained in the present work. Unfortu-
nately, diffusion data for He in liquid metals is not
very abundant, so a direct comparison cannot be
made. Nonetheless, the experiment described here
simulates the appropriate system. What is needed
to determine the effectiveness of He pumping by a
flowing liquid lithium film is direct measurement
of diffusion from a flowing liquid lithium film. The
fact that the effective diffusion coefficient for such
a system is small brings benefits from the point of
view of the helium pumping efficiency, since the
retention increases by a factor of 10 compared to
previous estimates using diffusion coefficients that
are 100 times higher [19]. It should also be noticed
that the qualitative behavior of the retention seems
to agree with the simple diffusion model. More
advanced models that include other effects such as
flow turbulence, surface impurities or bubble nucle-
ation need to be developed in order to identify the
mechanism responsible for the enhanced retention.

5. Long-term release of helium

In order to verify if indeed all the helium comes
out of the lithium, some annealing experiments were
performed, in order to accelerate the release if some
helium is still inside the metal. The experiments
involved the heating of the lithium charge, first
without exposing it to the beam to verify if any
helium was trapped, and then after exposing it to
the beam to determine how important this fraction
is. Note that if a significant amount of He was
trapped in a long-term manner, the diffusion coeffi-
cient calculated in the previous section would be
even smaller and the opportunity to pump He using
flowing Li in a fusion device would be even greater.

Fig. 11 shows the He pressure signal in the lower
chamber for the annealing experiments of the
lithium charge flowing through the upper chamber
without being exposed to the beam, only to the typ-
ical operating He pressure. Once the whole charge
was in the lower chamber, it was heated to 360 °C,
soaked at that temperature for 10 min and then
cooled back down to 230 °C. The black solid line
in the Figure shows the temperature evolution
during heating and cooling. When the temperature
reaches 320 °C, a series of small spikes in the He
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Fig. 11. Helium trace in the lower chamber during thermal annealing of the lithium charge. The solid line shows the temperature history.
No implantation was done on this charge, and helium is released as a series of pressure bursts that occur once a critical temperature is

reached, indicated by the arrow.

pressure start to appear, and they continue to be
present until the temperature drops below 320 °C
during the cool-down phase. The frequency distri-
bution of pressure spike intensity is presented in
Fig. 12, and it can be seen that the distribution of
spikes can be fitted with a normal distribution cen-
tered around 8 x 107® Pa and a standard deviation
of 9x 1077 Pa.

Since the bubbles disappeared upon cooling, the
same experiment was repeated with this lithium
charge after flowing it through the system once
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Fig. 12. Distribution of the pressure spikes in Fig. 12. Solid line
shows a normal distribution fit.

more, again with no implantation. The temperature
treatment was repeated, and bubble release was
observed again (Fig. 13). However, this time the
bubbles drop in number drastically during the soak-
ing phase, and they eventually die away. This may
indicate the total removal of residual helium from
the charge.

Once the charge went through the two annealing
cycles, and indication that the residual helium was
removed, the charge was now exposed to a 1.2 pA
3keV He ion beam. The same heating treatment
was done to the charge, and bubbles were present
again, but not with the same intensity as in the
two previous treatments, as can be seen from
Fig. 14. Both prompt and delayed release can be
observed, and in order to compare their relative
magnitudes, integration over the time was done.
The prompt release rate gp, is calculated as before:

qP X Pavgtrun- (21)

P,,, is the average pressure reached during the
prompt release phase (1.2x 1077 Pa in this case),
and t.,, is the running time of the flow, which was
45s. For the delayed release, the release rate was
calculated as

Ng
dp X 6tz:Pspike,i- (22)
i=1

The sum of all the pressure spikes Pgpixe is multi-
plied by the time resolution of the measurement
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Fig. 13. Helium release during the second annealing of the Li charge. Pressure spikes are observed again, but their intensity starts to decay

halfway into the treatment.
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Fig. 14. Helium release from a lithium charge exposed to a helium ion beam. The continuous prompt release is observed between 1 and
2 min, while the discrete long-term release is observed after 10 min and only when the lithium charge has been heated past 300 °C.

dt, which is 3.5 s. If the proportional constants are
assumed to be equal for both cases, then the amount
of helium that was trapped in the metal can then be
calculated as

ot
<t> ZPspike

ot '
Pavg + (_> ZPspike

trun

(23)

In this case, the fraction of the delayed release
turns out to be 20%, assuming that all the residual

helium from previous exposure of the charge was
removed during the two thermal treatments previ-
ous to this last experiment.

6. Conclusions

The transport of implanted helium by a flowing
film of lithium was measured in the FLIRE facility.
It was found that the retained fraction increases lin-
early with energy, as it was predicted by the model.
The retained fraction as a function of energy was
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given by R = E-(5.6 £ 0.2) x 103 keV~'. Measure-
ments of the retained fraction allowed the calcula-
tion of the diffusion coefficient based on the model
described in this work. The diffusion coefficient
for He in Li at 230 °C was found to be (2.8 +
0.6) x 10~"" m?/s. Such a small diffusion coefficient
for a liquid metal indicates that this value is not
likely a true diffusion coefficient, but an effective
one that includes some mechanism that enhances
the helium retention. Such mechanism still needs
to be identified, but possibilities include turbulent
transport, helium nucleation or surface layers that
may act as diffusion barriers. However, it is this
effective diffusion coefficient that is relevant for a
fusion-energy-related system.

Preliminary work regarding the quantification of
long-term He trapping in the metal was performed.
It was observed that the release of trapped He is in
the form of bubbles, which have a normal distribu-
tion of sizes, and such release is only observed upon
heating the sample. There is a release threshold in
temperature of 320 °C, which either corresponds to
the value of the diffusion coefficient necessary to
increase mobility and allow nucleation or represents
an activation energy to release He from lithium
oxide or lithium nitride ‘scale’ along the sides of
the chamber. This issue of long-term retention, once
quantified systematically, will further increase the
overall retention of helium, but further studies are
necessary in order to make a better quantification.
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