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Europium is a ductile rare earth element and has the lowest function among lanthanides (2.5 eV). Due to
its low work function reachable without an activation procedure, Eu is a potential electron emitter. For its
application to negative hydrogen ion sources for fusion, the work function of a Eu sample exposed to a low
pressure low temperature hydrogen plasma is investigated here. First, a work function of 2.6 £ 0.1 eV is
achieved in the present vacuum conditions (ca. 1075 mbar) by heating the sample up to 350°C. A short
hydrogen plasma pulse of 1 min allows to achieve the same low work function, however a longer plasma
exposure leads to an increase of the work function, which must be counteracted by heating the sample up
to at least 400 °C to maintain the low work function during plasma. Furthermore, the exposure to hydrogen
plasma affects the reactivity of Eu to oxidation when it is exposed to air, showing evidence of a faster oxidation
in the areas previously in contact with the plasma. In conclusion, due to the strong reaction to hydrogen

plasma and the rapid oxidation in air, Eu is not suitable for application in negative ion sources for fusion.
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I. INTRODUCTION

Rare-earth elements have an important role in a wide
range of applications, from optical devices to electron-
ics and catalysts, due to their magnetic, luminescent and
electrochemical properties. Among these materials, eu-
ropium attracts considerable interest. Divalent and triva-
lent europium is used in optoelectronic devices, as diodes
and lasers, due to its phosphorescence propertiest and
as neutron absorber because of its large neutron capture
cross-section?. As a rare-earth metal, Eu easily reacts
with air and with hydrogen®, and europium hydrides are
studied to deepen the knowledge on metal hydrides for
the search for new hydrogen storage materials®®, Ele-
mental europium has the lowest work function (2.5 eV®)
among lanthanides, hence it might be considered in a
wide range of applications where a high electron emission
ability is required. In contrast to other electron emitting
materials usually applied as hot cathodes and which re-
quire temperatures above 1000 °C, Eu does not need any
activation procedure allowing for the application of this
material also at lower temperatures. For example, nega-
tive ion sources for fusion rely on the surface conversion of
hydrogen particles into negative ions by electron transfer
from a low work function surfacd”. The impinging par-
ticles are positive ions and atoms created in a low pres-
sure low temperature hydrogen plasma with typical elec-
tron density 10'® — 10'7 m~2 and electron temperature
of 1 —2 eVE, The fluxes of impinging positive ions and
atoms are on the order of 1020 — 102! and 10%2 m—2s !,
respectively. The flux of VUV photons is expected to
be on the same order of magnitude as the positive ion
flux. The source operates with a background pressure
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of 1077 — 10~% mbar and a gas pressure of 0.3 Pa, with
plasma pulses of at least one hour. Currently, caesium
is evaporated into the source to reduce the surface work
function and increase the negative ion yield. However,
different low work function materials can be considered
for application in negative ion sources to avoid the strong
dynamics observed with evaporation of Cs?.

In this paper, the work function of elemental europium
exposed to hydrogen plasma is studied. Previous inves-
tigations of the work function of a thin film (20 — 50 nm)
of Eu in Hy gas (up to 30 Pa) in a UHV system at room
temperature are presented in Knor et al*%, which shows
that the presence of hydrogen on the surface leads to an
increase of the work function of 0.02 eV with respect to
the pure metal film when hydrogen is adsorbed and a de-
crease of 0.02 eV with respect to pure Eu when hydrogen
is diffusing in the subsurface. The effects of the exposure
to a Hy plasma on the surface work function are instead
unknown and are for the first time investigated here.

Il. THE EXPERIMENT
A. Setup

The laboratory experiment ACCesS™™2 (Augsburg
Comprehensive Cesium Setup) consists of a cylindrical
stainless steel vessel with a diameter of 15 cm and a
height of 10 c¢m, as shown in figure [I The background
pressure within the vessel is on the order of 1076 mbar.
For the plasma phases the chamber is filled with hydrogen
gas at a pressure of 10 Pa, and the plasma is generated
via inductive RF coupling (frequency of 27.12 MHz, max-
imal RF power of 600 W) using a planar coil located on
top of the vessel. The europium sample (30 x 30 mm?
thickness 1 mm, purity 99.9 %, with a rough surface) was
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Figure 1. Sketch of the experimental setup ACCesS with the
different diagnostics applied for the current investigations.

purchased from the supplier company abcil and was
stored in a sealed can in dry Ar atmosphere to prevent
any oxidation. The sample can be clamped to a sample
holder, which is electrically and thermally insulated from
the vessel and located near the center of the experimen-
tal chamber. The surface temperature of the front side of
the sample is constantly monitored by means of a ther-
mocouple, and the sample can be heated up to 350°C
in vacuum and 400 °C in plasma by means of a coaxial
heating wire within the sample holder. During plasma
operation the temperature of the sample inevitably in-
creases up to 200 °C.

A residual gas analyzer (RGA) is used to monitor the
background gases during operation. During plasma op-
eration optical emission spectroscopy (OES) is applied
for monitoring the plasma parameters as described in
Friedl et al'. The possible release of europium from the
sample is investigated after the performed investigations
by Rutherford backscattering spectroscopyt® (RBS) on
a small stainless steel sample (10 x 10 mm?) laying on
bottom of the vessel in front of the sample.

The work function (WF) of the sample is evaluated
considering the photoelectric effect induced by irradia-
tion and applying the Fowler method!®. The setup and
the analysis are described in detail in Fried with the
improvements presented in Cristofaro et al'?, and here
it is shortly summarized. A high pressure mercury lamp
(100 W) is applied as a broadband light source, and the
light passes through an interference filter and is focused
on the sample holder resulting in a spot diameter of about
1.5 cm. The photoemitted electrons are collected at the
vessel walls by applying a bias voltage of —30 V to the
sample against the grounded walls. The photocurrents
are measured by a Keithley 602 Electrometer, and the
work function is absolutely determined by measuring the
photocurrents for different interference filters. Twenty
filters with central transmission wavelengths between 239

and 852 nm and with a nominal FWHM of 10 nm are
available for the current investigations, making accessi-
ble the mean photon energies in the range between 5.04
and 1.45 eV. The entire setup was calibrated by means
of an absolutely calibrated spectrometer and a radiant
power meter. The photocurrents cannot be measured
during plasma operation, since the plasma electrons will
contribute to the measured current and it will not be
possible to discern the low photocurrents from the total
current. Hence, the work function is measured within
the first minutes (max. 3 min) after switching off the
plasma. The plasma is thus pulsed with length ranging
from few seconds up to several hours. For each work func-
tion evaluation the photocurrents of at least five filters
are measured, and the interference filters are exchanged
appropriately depending on the work function in order to
fulfill the validity conditions*”. The photocurrents could
always be nicely fit by a Fowler curve, and the typical
error of the fitted work function value is about 0.1 eV.

B. Relevant species and fluxes

The work function can be strongly influenced by the in-
teraction between the surface and the particles from the
background gas and the plasma, since adsorption, ero-
sion, sputtering and chemical reactions can occur. AC-
CesS has a limited vacuum level, and the background
gas is mostly composed by water vapor, as observed with
RGA. The flux of impurities towards the surface is far
from being negligible (around 10'® m~2s~1) and can lead
to formation of oxides and hydroxyl species.

During the plasma campaigns hydrogen is introduced
in the experiment reaching a pressure of 10 Pa for the
whole day. During the gas phase, molecular hydrogen at
room temperature can deposit onto the surface and the
flux of Hy molecules is around 10%* m—2s~ 1.

For the plasma phases, an RF power of 250 W is ap-
plied resulting in a plasma with typical electron temper-
ature and density of 2 eV and 1.4 x 10'® m~3, respec-
tively. In this phase, atomic and molecular hydrogen,
positive hydrogen ions (H*, Hy, Hi) and UV/VUV ra-
diation emitted by de-excitation of plasma particles can
contribute to surface modifications. Typical fluxes of
atomic hydrogen and positive ions (at 10 Pa the domi-
nant positively charged species is H?{) are approximately
1022 m~2s~! and 10%2° m—2s~!, respectively. The temper-
ature of the atoms is assumed equal to the gas tempera-
ture which is measured around 0.05 eV by OES. The pos-
itive ions have energies of 8 eV in maximum determined
by the potential drop at the surface, which is not biased
during plasma. The flux of VUV photons towards the
surface (with energies between 3 and 15 €V) is between
10" — 102 m~2s~! as determined from recent measure-
mentst8,

The relevant fluxes towards the surface during vacuum,
gas and plasma phases at ACCesS are summarized in
table Il
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Table I. Relevant species and corresponding fluxes towards the surface in vacuum, gas and plasma conditions.

Typical fluxes in [m~2s™!] during

vacuum

gas plasma

Residual gases (water vapor): 108 |Molecular hydrogen: 10%*

Atomic hydrogen: 1022
Positive ions: 10%°
VUV photons: 10! — 10%°

C. Europium chemistry

Europium is one of the most reactive element due
to its half-filled electron shell, reacting easily with wa-
ter and oxygen. FEu reacts with moist air to form
Eu(OH); - HoO'Y (characterized by a yellow color),
which gradually deteriorates forming the white com-
pound Eu(OH)3 also in inert atmosphere?? (formation
enthalpy of —13.9 eV!?). From Rau et al®L, the latter
thermally decomposes in air atmosphere in EuOOH in a
temperature range between 225°C and 300 °C followed
by a decomposition into the white compound EusOg3 be-
tween 435°C and 465 °C, while the process may be dif-
ferent in a vacuum environment. Consequently, it can be
expected that Eu compounds are forming on the surface
of the sample during the transport from the sealed can to
the ACCesS experiment, before going into vacuum. Ad-
ditionally, the main component of the residual gases in
the experiment vacuum is water vapor, and formation of
Eu hydroxides cannot be excluded even in vacuum con-
ditions. The bond dissociation energy between Eu and
O is of 4.9 eV2,

When hydrogen gas is injected into the experiment,
molecular hydrogen can deposit onto the surface forming
EuH, (which is a dark semiconductor®®). Formation of
EuH, was observed by direct reaction between hydrogen
and Eu at 400°C with very high Hy pressures (above
10° Pa) in Bischof et al** and Kohlmann et al*. Forma-
tion of EuHy at lower pressures (between 20 and 700 Pa)
was observed in Schoenes et al??, where a EuH, film was
created by pulsed laser ablation of Eu hit by a high power
pulsed laser in hydrogen atmosphere.

When the plasma is switched on, hydrogen atoms,
molecules and positive ions and photons can hit the sur-
face, and several interactions can take place with the sur-
face, like ad-/absorption, erosion, sputtering and chem-
ical reactions. Furthermore, the plasma heats the sur-
face, hence thermal effects take place simultaneously. In
this phase, hydrogen can be absorbed and diffused in the
bulk leading to the formation of compounds at and be-
low the surface. In addition to EuHs, formation of EuHg,
which is an insulator, cannot be excluded. However, this
compound has been observed only in very high hydrogen
pressure (around GPa) experiments2%27 and its synthe-
sis is very difficult and has been achieved just in recent

years29,

The presence of compounds on the sample surface and
their stochiometric composition unfortunately cannot be

assessed since they would require in-situ techniques not
available at ACCesS. Nevertheless, the presence of these
compounds can affect the work function of the surface,
which is investigated here.

11l. RESULTS AND DISCUSSION
A. Work function in vacuum and gas phase

To install the europium sample in the experiment, the
sample was exposed to air for maximum 10 minutes. No
evidence of oxidation was discernible by eye, nevertheless
the formation of hydroxides on the sample surface can-
not be excluded and avoided. A first measurement of the
work function in vacuum shows that the work function
is higher than 4.5 eV indicating that there are impuri-
ties on the surface. In order to decompose and possibly
remove the impurities, the sample is heated in vacuum
conditions.

Figure [2| shows the temperature Ty and the work func-
tion x of the europium sample during the heating of the
sample. The temperature is step-wise increased from
room temperature up to 350 °C. The work function ini-
tially is higher than 4.5 eV until the temperature reaches
250°C, then the work function starts to decrease. At

vacuum (10°® mbar)
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Figure 2. Work function of Eu in vacuum with increasing
sample temperature. Once the temperature reaches 350 °C,
the measured work function is 2.6 0.1 eV, close to the nom-
inal value.
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350°C the work function reaches the stable value of
2.6 £ 0.1 eV for more than one hour, consistent within
the error bar with the work function of pure Eu. During
the heating of the sample, RGA signals show two peaks
in the water content at 200°C and at 250°C, and the
background pressure shows peaks from 9 x 10~% mbar
up to 3.3 x 107® mbar every time the temperature in-
creases. The pressure then stabilizes at 6 x 1075 mbar
once the surface reaches 350 °C. The peaks in the back-
ground pressure and on RGA suggest a cleaning of the
surface with desorption of particles, revealing the under-
lying pure material and allowing to achieve the low work
function.

Figure[2]shows also the subsequent cooling down of the
sample once the heating is stopped after 6 hours of oper-
ation. The temperature decreases continuously and the
work function does not immediately change, but it is sta-
ble at 2.6 eV for 30 minutes. After half an hour and with
a surface temperature below 100 °C, the work function
starts to increase with a degradation rate of +0.8 eV /h
and saturates at 4.0 eV over a night in vacuum. A similar
degradation is observed also when Hs gas is introduced
at a pressure of 10 Pa after the heating of the sample
in vacuum: the work function increases from 2.6 eV to
3.8 eV over one hour and 20 minutes, with a degradation
rate below 0.9 eV/h. It is thus concluded that the dete-
rioration of the work function is due to the adsorption of
residual gases re-depositing on the low work function sur-
face, and it is not influenced on the possible formation of
europium hydrides and hydrogen adsorption on the sur-
face. After the degradation, the low work function can
be retrieved by heating the surface again to 350 °C.

B. Work function during plasma exposure

In order to monitor the work function during plasma,
a pulsed hydrogen plasma at 10 Pa and 250 W is applied
without active heating of the sample. Figure [3]shows the
work function of the europium sample after each pulse
(depicted in grey in the figure) starting from an initial
work function of 3.8 eV. The temperature reached by the
sample during and after the plasma pulses is also plotted.

First, a very short plasma pulse of 1 minute is loaded,
and a work function of 2.6 eV is achieved even if the sur-
face temperature does not exceed 75°C. The plasma is
thus able to retrieve the low work function, as alterna-
tive to the heating procedure, indicating that the plasma
particles and photons hitting the surface have sufficient
energy to break the bonds between europium and back-
ground impurities.

After the first pulse subsequent longer hydrogen
plasma pulses are applied, and a gradual increase of the
work function is observed. After 30 minutes of overall
plasma exposure with a maximal sample temperature of
200°C, the work function increases from 2.6 to 3.5 eV
with a degradation rate in plasma of 1.8 eV/h. The
degradation rate then decreases, and a work function of
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Figure 3. Sample temperature and work function of Eu during
exposure to Hz plasma pulses at 10 Pa and 250 W without
active heating of the sample.

3.7 — 3.8 eV is measured after 1 hour of total plasma ex-
posure. The work function saturates around 4.2 eV for
longer plasma-on time (~ 3 hours).

This degradation occurring during plasma is different
from the degradation observed during vacuum and gas
phases, because in the latter case a short plasma pulse
is able to retrieve the low work function, while in the
case of the ”plasma degradation” low work functions can-
not be recovered with short plasma pulses. This plasma
degradation may be due to damages to the surface due
to energetic particles and photons, or to the adsorption,
or even absorption and diffusion, of atomic or molecular
hydrogen or of positive ions neutralizing at the surface.

In order to retrieve the low work function after the
plasma degradation, the sample is heated again to a tem-
perature of 350 °C in vacuum, similarly to the campaign
of figure[2] During the heating of the sample no variation
of the RGA signals is observed, however the background
pressure shows some peaks from 8 x 1079 mbar up to
1.3 x 107° mbar every time the temperature increases,
stabilizing at 7 x 107 mbar once the surface reaches
350 °C. This suggests that particles are released from the
surface during the heating, though it is not possible to
detect the particle species because of the low sensitivity
of the residual gas analyzer. Finally, a work function of
2.6 eV is successfully achieved again.

C. Work function during plasma exposure with active
heating

In order to counteract the increase of the work func-
tion during plasma, the sample is simultaneously heated
in the campaign shown in figure [l The surface was ex-
posed to plasma for a long time before the campaign, and
the surface work function is saturated at around 4.2 eV,
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Figure 4. Sample temperature and work function of europium
due to exposure to a short (5 min) and a long (5 hours) Ha
plasma pulse at 10 Pa and 250 W. During the second pulse
the sample is additionally heated up to 400 °C.

as proved by the still high work function measured af-
ter the first short plasma pulse of 5 min in figure [ The
temperature of the sample is then increased during a long
plasma exposure (ca. 5 hours) up to 400 °C, which is the
maximum temperature that the sample can reach in the
current setup. After the long plasma treatment a work
function of 2.7 eV is observed, close to the lowest value
previously measured. A dedicated campaign with plasma
and active heating but with a lower surface temperature
(325°C) revealed a higher work function equal to 3.3 eV.
Therefore, a minimum temperature of 400 °C is required
to maintain a low work function during plasma opera-
tion. This temperature is higher with respect to the case
in vacuum, where a temperature of 350 °C is enough to
achieve 2.6 eV. This is attributed to the higher fluxes
and different particles species and, hence, to an enhanced
degradation during the plasma phase.
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In figure [4] the work function is monitored also after
plasma, and it increases from 2.7 to 3.6 eV with a degra-
dation rate of 1.5 €V /h, higher than the degradation rate
measured in vacuum or gas phase after the heating cam-
paign before any plasma treatment, indicating a higher
reactivity of the surface to the residual gases after the
exposure to the hydrogen plasma. The reason of such
different behavior cannot be assessed, and modifications
of the surface and subsurface due to hydrogen absorption
or diffusion with formation of highly reactive europium
hydrides cannot be excluded.

D. Ex-situ analysis and sample air exposure

A visible change of the sample surface was not ob-
served during the heating and plasma campaigns. The
sample has shown a good resistance and mechanical sta-
bility in vacuum with temperatures up to 400°C and in
plasma environment. An RBS analysis of the stainless
steel sample that was placed on the bottom of the exper-
iment showed that no Eu was deposited on the sample,
meaning that no sputtering or erosion of Eu occurred.

After the campaigns the experiment was vented and
the sample was exposed to air immediately. A fast and
irreversible oxidation of the surface occurred, and white
structures appeared on the surface within 15 minutes. In
particular, the portion of the surface exposed to plasma
during the investigations was oxidizing much faster with
respect to the sides of the sample, which were covered
by the clamps during the campaigns. This fast oxidation
suggests the presence of europium hydride EuHs, which
rapidly oxidizes in air®® forming hydroxide characterized
by a white color. In order to preserve the Eu sample
after the current investigations, the sample was imme-
diately stored in a separate vacuum chamber connected
to a small pump stand (with a background pressure of
1075 mbar) and no surface analysis was possible on the
sample. Pictures of the sample in the different stages are
shown in figure

white structures

clamps
position

separate
vacuum chamber

Figure 5. Pictures of the Eu sample before and after the investigations and during the subsequent storage in a separate vacuum
chamber. Clear evidence of oxidation of the sample area previously in contact with the plasma is observed as white color
structures developing on the surface between the clamps, while the region below the clamps is less affected.
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IV. SUMMARY AND CONCLUSIONS

Europium owns the lowest work function among lan-
thanides (2.5 eV), making this material interesting for
applications that require low work function surfaces, as
for example negative ion sources. The work function of a
sample of europium is thus studied at the laboratory ex-
periment ACCesS in a moderate vacuum (ca. 10~% mbar)
and during hydrogen plasma exposure. In these vacuum
conditions the sample needs to be heated to temperatures
up to 350°C in order to achieve and maintain a work
function of 2.6 0.1 eV. Once the heating is stopped, the
work function shows a clear degradation of +0.8 eV /h
due to the influence of the background gases. The low
work function can be easily retrieved by heating the sam-
ple again to 350 °C or with a short plasma pulse (1 min).
However, a longer exposure to the hydrogen plasma is
found to affect strongly the work function of the sample:
a degradation caused by plasma at a rate of +1.8 eV/h
is observed, and the work function saturates at 4.2 eV.
To counteract this degradation it is necessary to heat
the sample simultaneously at least up to 400 °C, allowing
to achieve work function below 2.7 eV also during long
plasma operation. The faster oxidation of the europium
sample after the ventilation of the experiment suggests a
high reactivity of this material to hydrogen plasmas and
hydrogen absorption. At the ion sources higher particles
and photon fluxes can be achieved with respect to AC-
CesS, and this can lead to a faster degradation of the
work function and to the need of higher temperatures to
maintain the low work function. Additionally, ion sources
for fusion need venting for maintenance, hence it would
be required to completely exchange all Eu surfaces at
each ventilation. Consequently, Eu is not suitable for
application at ion sources due to its strong reactivity.
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