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Abstract

In negative hydrogen ion sources in situ adsorption of Cs is typically used to generate
low work function converter surfaces. The achievement of a temporally stable low work
function coating is, however, challenging due to the hydrogen plasma interaction with
the surface. Particularly in ion sources for neutral beam injection systems for fusion with
pulse durations of minutes to hours temporal instabilities are a major issue and limit the
source performance. To clarify the influence of the hydrogen plasma on the converter
surface, investigations are performed at an experiment equipped with an absolute work
function diagnostic based on the photoelectric effect. Caesiated surfaces are exposed to
the full plasma impact by the generation of plasmas in front of the surface as well as to
selected plasma species (H atoms, positive ions and VUV/UV photons) from an external
plasma source to identify driving mechanisms that lead to surface changes. Depending on
the exposure time and initial surface condition, the plasma strongly affects the surface in
terms of work function and quantum efficiency (QE). For degraded Cs layers (work func-
tion > 3 eV) a favorable increase in QE and reduction in work function can be achieved,
while for Cs layers with an ultra-low work function of 1.2 — 1.3 eV the opposite is true. It
is found that each plasma species can influence the Cs layers and that VUV photons lead
to a work function increase of ultra-low work function layers. For sufficiently high VUV
fluences a severe work function increase by 0.5 eV is given, highlighting the relevance of
photochemical processes in the plasma-surface interaction and demonstrating that ultra-
low work function layers are not stable in a hydrogen plasma environment.
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Introduction

Negative hydrogen ion sources for fusion and accelerators predominantly rely on the sur-
face production of negative ions on the extraction electrode (converter surface) [1-3].
The surface production represents an electron transfer process from the converter surface
to impinging hydrogen atoms and positive ions, which are generated in a low pressure
hydrogen plasma in the ion source. The converter surface is typically made of Mo and
has a work function of 4.3 — 4.6 eV [4-6]. As the conversion efficiency for negative ions
is higher the lower the work function, the alkali metal Cs is evaporated into the source
[1, 7-9]. Cs exhibits a bulk work function of 2.0 — 2.1 eV (lowest of all stable elements)
and its adsorption on surfaces enables a drastic reduction in the work function [4-6, 10,
11]. However, the usage of Cs introduces temporal dynamics, since Cs is volatile, highly
reactive and interacts with several species present in the ion source. Among them are reac-
tive hydrogen atoms (radicals), positive hydrogen ions, and energetic vacuum-ultraviolet
(VUV) photons with energies up to 15 eV [12-14]. The VUV radiation results mainly from
resonant molecular and atomic transitions (molecular Lyman and Werner bands and atomic
Lyman series) and the occurring fluxes can be comparable to the positive ion flux [14,
15]. Furthermore, the plasma-surface interaction leads to an effective redistribution of Cs
within the source, where most of the Cs is ionized and Cs self-sputtering can occur [16,
17]. In addition, impurities play a decisive role in the Cs layer formation in vacuum phases
between pulses because ion sources typically operate under non-ultra-high vacuum condi-
tions [18]. In consequence, the multitude of physico-chemical interactions can change the
chemical composition at the surface over time and thus the work function of the converter
surface resulting in a variation of the negative ion production rate.

Recent measurements revealed that caesiation under moderate vacuum conditions
allows the formation of temporally stable Cs layers with a work function of 1.25 + 0.10 eV
[19, 20]. The ultra-low work function has already been proven in the ion source of the
BATMAN Upgrade (BUG) test facility (base pressure 5 x 1077 mbar) and is attributed to
the formation of Cs oxides upon interaction of Cs with residual water [21]. When the Cs
evaporation into the source is low or stopped, however, the impurity gases lead to a gradual
degradation of the Cs layer and the work function increases to values above 3 eV [19, 20].
Therefore, the Cs layer needs to be conditioned in a suitable manner. First investigations
at BUG demonstrated that the extracted ion current strongly depends on the work func-
tion evolution of the converter surface, and since the electron density close to the extrac-
tion system depends on the negative ion density due to the quasineutrality condition, the
work function is also decisive for the co-extracted electron current [21]. The co-extracted
electron current typically increases over time during long pulse operation and can limit the
achievable ion source performance with respect to the extracted negative ion current [22,
23]. Hence, a detailed understanding of how the hydrogen plasma affects the work function
of the converter surface is of utmost importance for the optimization of the ion source and
its Cs management.

To study the impact of the hydrogen plasma interaction with caesiated surfaces, inves-
tigations are carried out at a dedicated laboratory experiment equipped with an absolute
work function diagnostic. The surfaces are selectively exposed to VUV photons, hydrogen
atoms and/or positive hydrogen ions in order to reveal driving forces for surface changes
upon the plasma-surface interaction. The selective exposure is realized by the application
of an external plasma source attached to the experiment. In addition, plasmas can be gen-
erated in front of the surface to study the impact of the full plasma-surface interaction on

@ Springer



Plasma Chemistry and Plasma Processing (2025) 45:1-20 3

the surface. The experimental setup is described in Sec. 2 and results on the impact of the
specific plasma species and full plasma exposure on the work function are presented in
Sec. 3, where it is distinguished between starting from degraded Cs layers in 3.1 and ultra-
low work function layers in 3.2. A compilation of the found work function dynamics is
provided in Sec. 3.3 and conclusions for negative hydrogen ion sources are given in Sec. 4.

Experiment

Experiments are carried out at ACCesS, which is a planar inductively coupled plasma
(ICP) experiment dedicated to work function investigations [19, 24-26]. The setup consists
of a water-cooled stainless steel vacuum vessel (15 cm inner diameter, 10 cm height) that is
evacuated with a rotary vane and turbomolecular pump to a background pressure of some
107% mbar (limited by Viton O-ring seals). The background pressure is measured with a
cold cathode gauge and the composition of the residual gas is monitored with a differen-
tially pumped residual gas analyzer (RGA), showing that water is the main residual gas. As
can be seen in Fig. 1, a sample holder is installed close to the center of the vessel, where
Cu samples (30 X 30 x 5 mm?) with a 3 um polycrystalline Mo coating are mounted within
this work. The samples are mounted electrically and thermally insulated from the chamber
walls and the temperature of the sample surface is monitored with a thermocouple. Gas
supply is provided by mass flow controllers and low pressure plasmas (several Pa) can be
ignited by means of a planar solenoid on top of the vessel (not shown in Fig. 1), separated
from the vacuum by a Borosilicate glass plate and connected to a radio frequency (RF)
generator (27.12 MHz, 600 W max.).

The absolute work function of the surface installed at the sample holder is measured
photoelectrically after the Fowler method [27]. The surface is irradiated with photon
energies in the range of €, = 5.04 — 1.45 eV, for which a high pressure mercury lamp in

Fig. 1 Sectional view of the
ACCesS experiment, upgraded i
by an external ICP source. The
line-of-sights of the tunable
diode laser absorption spec-
troscopy (TDLAS) and work
function diagnostic are indicated
by blue dashed lines
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combination with 20 interference filters (10 nm FWHM) is used. The light is focused with
quartz lenses and guided through a quartz viewport onto the surface, resulting in a spot
diameter of about 15 mm and radiant powers of Py, ~ 0.1 — 1 mW. The photoemitted elec-
trons are drawn to the grounded vessel walls with a bias of —30 V applied to the sample
and the resulting photocurrents I (e,,) are measured with a picoammeter (dark current
typically in the range of 107! — 10~!% A). The photocurrents are converted to quantum
efficiencies by

€ h]ph
QE=F, 1
7, Q)
and are fitted according to [27]
QE« T2 . / In[1 + exp(—y + x)Idy )
0

to evaluate the work function y, with k 1= (e, — x)/(kgTyyy), and e, kg and T, denot-
ing the electron charge, Boltzmann constant and measured surface temperature. One work
function measurement takes about 2 min and is possible only during plasma-off phases.
The typical uncertainty of the evaluated work function is +0.1 eV. More details about the
work function diagnostic can be found in Ref. [19].

To deposit Cs on the sample surface, a Cs oven is attached to the bottom plate of the
vacuum chamber. The Cs oven contains a liquid Cs reservoir (1 g Cs ampoule) that is
heated to finely adjust the Cs evaporation rate [28], and the Cs oven nozzle is directed
toward the sample holder. The density of neutral Cs atoms in the gas phase is measured
line-of-sight (LOS) averaged by means of a tunable diode laser absorption spectroscopy
(TDLAS) system [29]. The LOS has a diameter of 8 mm and is parallel to and at a distance
of 2 cm from the sample surface. With an absorption length of 15 cm the lower detection
limit of the neutral Cs density is nq, ~ 10! m=. The temperature of the Cs atoms T, can
be evaluated from the absorption line profile, as it is dominated by Doppler broadening
and well approximated by a Gaussian fit [29, 30]. Under the assumption of an isotropic
thermal distribution of velocities, the neutral Cs flux onto the sample is calculated via
I'o, = neve, /4, with v, = 8k Te, /(mme,))?> being the mean thermal velocity of the Cs
atoms.

Separation of Plasma Species Fluxes

To expose the caesiated surfaces selectively to hydrogen plasma species, an external ICP
source is attached to the ACCesS main chamber as shown in Fig. 1. The external plasma
source is connected to a flange whose cylinder axis forms an angle of 45° to the normal of
the surface. The external plasma source consists of a cylindrical quartz glass tube, which
has an inner diameter of 43 mm and a length of 200 mm. Pumping and gas feeding is
done via the main chamber and is monitored by a pressure gauge at the back end of the
external plasma source. By using a helical two-turn copper coil powered by the 27.12 MHz
RF generator, low pressure plasmas are generated. The quartz tube is air cooled to limit
its temperature increase to about 150 — 200 °C during steady-state operation. A grounded
stainless steel mesh is inserted inside the connection flange to the main chamber to prevent
capacitive plasma ignition in the main chamber. The flange opening can be covered with a
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rotatable shutter installed in the main chamber, which is used to prevent Cs diffusion into
the flange during caesiation.

To select the hydrogen plasma species entering the main chamber, magnetic and optical
filters are applied.

VUV Photons + Atoms + Positive lons

Photons together with hydrogen atoms and positive hydrogen ions can reach the caesiated
surface when no filter is applied. Since the photons have energies up to 15 eV, the surface
is exposed to energetic VUV irradiation.

VUV Photons + Atoms

To down-select the interacting species with the surface, positive hydrogen ions are
deflected by a magnetic filter field. The magnetic field is created by permanent magnets
outside the connection flange, leading to a Larmor radius of the order of mm (magnetic
flux density ~ 100 mT inside the flange). Since the Larmor radius is much smaller than the
experimental dimensions, the ions are magnetized and cannot reach the surface in the main
chamber.

VUV Photons

To separate photons from hydrogen atoms and ions, a MgF, window is installed inside the
connection flange. The MgF, window serves as long pass filter with a cut-on wavelength
in the VUV at 113 nm (11.0 eV), i.e., the photon energies are somewhat limited compared
to the previous two configurations. The transmission of the window is 93% (tested up to
700 nm) and starts to decrease for wavelengths below 200 nm. As the transmission is still
69% at 120 nm, VUV photons from the intense Lyman-o line (121.6 nm), Lyman band
(130 — 170 nm) and partly from the Werner band (80 — 130 nm) can pass through the win-
dow. The mount of the MgF, window is not vacuum tight so that pumping and gas feeding
of the external plasma source can still be done via the main chamber.

Quantification of Plasma Species Fluxes

To determine absolute VUV fluxes generated in the external plasma source, an in-house
developed VUV diagnostic is used, which is described in detail in Ref. [31]. The diagnostic
is based on a VUV sensitive photodiode and optical filters for wavelength selection. The
selected ranges are 6.6 — 8.4 eV for the dominant emission of the molecular Lyman band,
9.6 — 10.8 eV for the dominant atomic Lyman-a line at 10.2 eV, and > 11.0 eV for the
molecular Werner band and atomic Lyman series beyond Lyman-o. By installing the VUV
diagnostic at the back end of the external plasma source, VUV emissivities are measured
from a viewing cone along the cylinder axis of the quartz tube. The corresponding VUV
fluxes leaving the plasma volume are determined from the measured emissivities by mul-
tiplication with the volume to surface ratio of the plasma, i.e., homogeneous and isotropic
emission within the plasma is assumed [31].

The fluxes of hydrogen atoms and positive hydrogen ions leaving the external
plasma source are determined from the thermal flux (I} « ny \/E) and Bohm flux

(I; x n.y/T./m;), respectively. To measure the required plasma parameters, optical
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emission spectroscopy (OES) is applied, with the LOS being aligned along the cylinder
axis of the quartz tube. The gas temperature T, is determined after Ref. [32], and the
collisional-radiative model Yacora is used for the evaluation of the electron density n,,
electron temperature T, and atomic hydrogen density ny; [14, 33]. Since HJ is the dominant
ion at the present setup, the mean ion mass is approximated by m; ~ 3 u [34, 35].

In Table 1, the determined plasma parameters and corresponding VUV, atom and
positive ion fluxes leaving the plasma volume of the external plasma source are listed.
The applied operational parameters for the external plasma source are 10 Pa/400 W and
4 Pa/600 W within this work. To calculate the fluxes reaching the caesiated sample surface
from the fluxes leaving the plasma volume, ballistic propagation with isotropic emission
from the open front end surface A of the quartz tube is assumed and the divergence into
the main chamber is taken into account. To do so, the solid angle dQ, = dA, cos(f)/s?
of a surface element dA, on the caesiated sample surface with respect to A, is considered,
where f# = 45 ° is the angle between the normal of A and the normal of dAg,, and s is the
distance between dA; and the position on A,. With 6 being the angle between the direc-
tion of the emitted species and the normal of A, the factor [36]

1 cos(f)
Fo = 2 /Ap cos(G)s—sz (3)

is calculated, which is multiplied with the fluxes given in Table 1. For the integration in
Eq. (3) it needs to be taken into account that the flange to which the external plasma source
is connected limits the emitting area A, from which plasma species can reach dA, and that
the area on the caesiated surface that needs to be considered is the spot where the work
function is monitored (diameter &~ 15 mm). This leads to a reduced emitting area Ap and to
Fo=23%x1073

Since the gas pressure in the vacuum system is several Pa during the operation of the
source, the plasma species inevitably interact with particles on the way toward the caesi-
ated surface. In the case of photons, reabsorption processes can occur that attenuate the
radiation. Such effects are, however, intrinsically considered in the measurement with the
VUYV diagnostic, as the device is installed at a distance that is comparable with the distance
to the sample holder. In the case of hydrogen atoms and ions, collisional processes are
expected to reduce the particle fluxes. Moreover, the evolution of the electrical potential
from the external plasma source toward the main chamber that is decisive for the result-
ing ion flux is unknown. While unfortunately no diagnostic for the detection of hydrogen
atoms propagating toward the sample holder is available, the ions can be measured with a

Table 1 Plasma parameters as
EP EP P

well as VUV, atom and positive S S S

ion fluxes of hydrogen discharges 10 Pa/400 W 4 Pa/600 W 10 Pa/250 W

generated in the external plasma

source (EPS) and internal plasma Ty / K 662 656 550

source (IPS) at ACCesS at n,/ m= 6.9x10'6 43x10' 1.4 x 106

tandard tional ters

standard operational parameters T./eV 4.4 7.9 21
ny/m=? 2.8%x10% 1.0 x 10% 1.7%x 10"
Tyyy /m™2%s7! 3.4 x10% 8.5x 102 4.2x 10"
Ty/m27! 2.6 x 107 9.3 x 10% 1.4 x 10%
Ty /m™s7! 4.1x10% 3.4x10% 1.2 x 102
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Langmuir probe at the setup. The Langmuir probe is installed at the radial flange opposite
to the external plasma source and inserted into the main chamber until the probe tip reaches
the flange to which the external plasma source is connected (sample holder being removed
from the experiment). By moving the Langmuir probe from the flange toward the position
of the sample surface in the main chamber, ion fluxes are determined from the measured
ion currents as a function of the distance to the flange. The determined ion fluxes decrease
with increasing distance to the flange and the decrease is more pronounced at 10 Pa than at
4 Pa, which is attributed to a higher collision rate. Unfortunately, the lower detection limit
of the Langmuir probe system is reached at 10 Pa at a distance of about 3 cm and at 4 Pa
at a distance of about 1 cm from the sample surface position, which means that the ion
flux cannot be determined directly at the position of the sample surface with the Langmuir
probe. The measured ion fluxes with the Langmuir probe are comparable to those calcu-
lated by assuming ballistic propagation, but it needs to be considered that the ions are col-
lected from a certain volume around the probe tip, meaning that upper limits for the actual
fluxes are determined. Hence, it is evidently confirmed that the calculated ion fluxes are
upper limits. It is expected that the same is valid for the atomic hydrogen flux.

The bar diagram in Fig. 2 summarizes the calculated fluxes onto the caesiated surface
from the external plasma source. The different contributions from the VUV range are rep-
resented as stacked bars, and the facts that the particle fluxes represent upper limits and that
the actual particle fluxes are further below the upper limit at 10 Pa than at 4 Pa are indi-
cated by the dashed upper parts of the bars and the vertical arrows with different lengths,
respectively.

In addition, the fluxes onto the caesiated surface from hydrogen discharges that are
ignited in the main chamber (called internal plasma source in the following) are depicted in
Fig. 2. The applied operational parameters for the internal plasma source are 10 Pa/250 W.
The corresponding plasma parameters are listed in Table 1, where T, and ny are deter-
mined via OES by using the LOS usually foreseen for TDLAS (see Fig. 1). T, and n, are

102
‘TUJ
o 22 L
e 10 3
= 6.6-8.4¢eV
8 102 [ & 1026V 4
o >11.0eV
3
@ 102 ¢ .
el
2
g 10k :
Q
8 18
o 10" ¢ 3
5
< 107 E
=
w 1015 e 2 1

EPS IPS EPS IPS EPS IPS

VUV H atoms Positive ions

Fig.2 VUYV, atom and positive ion fluxes onto the caesiated surface from hydrogen discharges generated
in the external plasma source (EPS) at 10 Pa/400 W (in blue) and 4 Pa/600 W (in green), and in the inter-
nal plasma source (IPS) at 10 Pa/250 W. The VUV fluxes are plotted as stacked bars, showing the contri-
butions from different energy ranges. The particle fluxes from the EPS are calculated assuming ballistic
transport, meaning that the plotted values represent upper limits and the actual fluxes reaching the surface
decrease with increasing pressure, indicated by the dotted upper parts of the bars and the arrows with differ-
ent lengths
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measured with the Langmuir probe, which in this case is installed at the flange behind
the sample holder and is fed through the sample holder to measure the plasma parameters
directly above the sample surface (see [25]). The maximum energy of the positive ions
striking the surface is determined from the difference between the plasma potential and the
floating potential of the surface and is about 8 eV, i.e., the VUV photons are the most ener-
getic species. The VUV fluxes are measured with the VUV diagnostic, which is installed
at the main chamber for these measurements (for details see [31]). In general, the fluxes in
the full plasma-surface interaction are (more than) two orders of magnitude higher than the
ones from the external plasma source and are comparable to the ones close to the extrac-
tion system at negative hydrogen ion sources for fusion [14].

Results and Discussion

To ensure reproducibility, the Mo substrates used within this work are prepared as follows:
They are cleaned with distilled water and isopropyl alcohol and are installed at the sam-
ple holder after cleaning the experimental chamber to remove Cs and Cs compounds from
previous campaigns. Then, a hydrogen plasma is generated in the main chamber (inter-
nal plasma source) for a couple of hours to remove adsorbed impurities from ambient air
from the Mo surface via the plasma-surface interaction and the plasma induced tempera-
ture increase to &~ 220 °C. The surface work function measured after this procedure lies
reproducibly above 4 eV, which is in accordance with literature values [4—6]. Cs is evapo-
rated into the chamber after the surface has cooled to room temperature, and the neutral Cs
density is continuously monitored via TDLAS. To generate ultra-low work function layers
with a work function of 1.25 + 0.10 eV, the Cs density is ramped up to ~ 10'> m™3. This
results in a flux ratio of Cs to residual HyO of I/ Ty o ~ 5 X 107 (Ig & 5x 10" m™%s7",
Ty,0 ~ 1 x 10" m™™"), which is found to be the minimum required to achieve the ultra-
low work function [20]. The ultra-low work function is attributed to the formation of Cs
oxides from the interaction of Cs and H,O on the surface [19]. The work function remains
stable as long as the Cs density is sustained above 10" m~3, and it is not affected by hydro-
gen gas up to several Pa [20].

When the Cs evaporation is stopped and the sample is left in vacuum, the moderate
vacuum conditions lead to an increase in the work function to 2.6 — 2.7 eV on the hour
scale and to about 2.8 eV the next day. In the subsequent days, work functions higher than
3 eV are obtained. The increase in the work function shows that the Cs layer gradually
degrades, which is explained by the continuous accumulation of residual gases, changing
the chemical composition and stoichiometry at the surface. In consequence, degraded Cs
layers need to be reactivated after operational breaks in order to regain (ultra-)low work
function values.

Degraded Cs Layers
Exposure to VUV Photons
To investigate the impact of energetic VUV photons on degraded Cs layers, the MgF,

window is applied as described in Sec. 2.1. The external plasma source is operated at
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10 Pa/400 W, providing the VUV fluxes shown in Fig. 2. By taking the transmission of the
MgF, window into account, the resulting photon flux onto the surface is 2.8 x 107 m=2s~!
with energies < 11.0 eV.

In Fig. 3a, the influence of the photon irradiation on the work function of Cs layers in
different degradation states is presented. The work function is plotted as a function of the
cumulative irradiation time (bottom x-axis) and as a function of the corresponding VUV
fluence (top x-axis), the latter being the time integrated VUV flux the surface is exposed
to (in units of m=2). As can be seen, the photon irradiation leads to a significant reduction
in the work function. For an initial work function of 3.0 eV (plotted in black), an irra-
diation time of 30 s leads to a reduction to 2.7 eV, and for cumulative irradiation times up
to 11 min, the work function remains in the range of 2.7 + 0.1 eV. For longer irradiation
times, a further reduction to about 2.5 eV is obtained. When the initial work functions are
3.2 and 3.3 eV (blue and green curves), an irradiation time of 30 s also leads to a work
function of 2.7 eV, and in the case the Cs layer is heavily degraded to a work function of
3.8 eV after four weeks (red curve), an about three times longer irradiation time is needed
to reach 2.7 eV. A further reduction to 2.5 eV is, however, not observed for initial work
functions > 3 eV, even for applied cumulative irradiation times up to 5 h. Since the temper-
ature of the surface remains constant at room temperature during the experiments, thermal
effects can be disregarded. Cs is not detected with the TDLAS system during the irradia-
tion, showing that no significant Cs desorption from the surface is induced.

Although the same work function of 2.7 eV is evaluated within the error bars after the
photon irradiation of Cs layers in different degradation states, the QE of the surface can
differ significantly, showing that the surface condition after the irradiation still depends
on the history of the sample. The reached QE is typically higher the lower the initial work
function, which is demonstrated for a photon energy of 3.1 eV in Fig. 3b.

Fig.3 a Work function evolution VUV fluence / m?2
of Cs layers on Mo in different 0 10'8 1019 102 1021
degradation states upon irradia- 4.0 : S —
tion with photons up to 11 eV. ’ e )
b Corresp%nding QI]; progres- L X Different degradation (a)
L > | : :states of Cs layer |
sions at 3.1 eV > 35+ TN
= A
o TN
B 30} Rt :\\\*****i -
c - N
3 = oo e
L Q 4
é 2.5 *
=
2.0; 1
00—t i i i ]
0 10 102 10° 10
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Fig.4 a Typical evolution of x=27¢eV x=28eV
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In addition, the QE after the photon irradiation shows a strong temporal dynamic. In
Fig. 4a, the typical temporal behavior of the QE within the first minutes after the irra-
diation from the external plasma source is demonstrated, with the retrieved work function
being 2.7 eV. The depicted QE(3.9 eV) and QE(5.0 eV) measurements are taken by contin-
uous illumination with 3.9 and 5.0 eV photons (in different experiments) by using the mer-
cury lamp of the work function diagnostic with the respective interference filters. The cor-
responding photon fluxes onto the surface are 8 x 10'® m2s~! for 3.9 eV and 3 x 10'8 m™2
s~! for 5.0 eV, i.e., the photon fluxes are higher than the VUV flux from the external plasma
source. The measured QEs are normalized to the respective values measured right at the
beginning of the illumination. In the case of QE(3.9 eV), a continuous decrease can be
observed. The QE is reduced by 50% after 25 s and by 83% after about 14 min, showing
that the surface is subject to a substantial degradation. The measured work function after-
ward is 2.8 eV, i.e., the work function increases by about 0.1 eV during the illumination
period. Since for photon energies below 3.9 eV the temporal behavior of the QE is compa-
rable (not shown), the QE(3.1 eV) values plotted in Fig. 3b represent a "snapshot”, taken
~ 90 s after the termination of the irradiation from the external plasma source. In the case
of QE(5.0 eV) in Fig. 4a, the decrease within the first seconds of illumination is similar
to QE(3.9 eV). However, the decrease slows down and after about 1.5 min during which
the QE is reduced by 43%, the QE starts to increase again. At the end of the illumination
period of 14 min, the QE(5.0 eV) yields 93% of the initially measured value. The measured
work function afterward is 2.8 eV, which is the same as after the illumination with 3.9 eV
photons.

When degraded Cs layers are irradiated with 5.0 eV photons without prior photon irra-
diation from the external plasma source, the respective QE gradually increases without
initially decreasing. This is demonstrated in Fig. 4b, where during an irradiation time of
23 min the QE(5.0 eV) values of Cs layers with work functions of 2.8 and 3.4 eV increase
by a factor of 2.1 and 3.0, respectively. Remarkably, the QE(5.0 eV) values of the degraded
Cs layers are up to an order of magnitude lower than the QE(5.0 eV) of an uncaesiated Mo
surface with a work function of 4.3 eV, where the QE remains stable over the irradiation
period as expected. The lower QE despite the lower work function can be explained by a
lower electron density at the surface, as the Fermi energy of Cs (1.59 eV [6]) is low com-
pared to the Fermi energy of Mo (6.77 eV [37]). In addition, the electron escape depth is
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Fig. 5 Work function reduc- 40 Degrad. 10
tion of degraded Cs layers on :
Mo upon exposure to hydrogen 10Pa 4Pa 10Pa 4Pa
plasma species with and without 35+ VUV VUV
R VUV VUV -6
positive ions. T_he external % H 4_. H 4.. H+<... H:-..» 10
plasma source is operated at = 30k H3 H3 —
10 Pa/400 W and 4 Pa/600 W. s v %
Typical QEs at 2.3 eV are 5 B B 1107 ™
depicted S 25} e o
Y- . - Lu
% 1= S
; 2.0+ _ ol-+-1@® 41 078
o
1.5}
00T 10°

only ~ 1 — 10 nm [38] and the penetration depth of the energetic photons is much longer
in Cs (~ 100 nm [39]) than in Mo (~ 10 nm [40, 41]), meaning that in the case of thick
Cs layers a significant amount of photoelectrons might not reach the surface [42]. Both in
Fig. 4a and b, the increase in the QE upon the irradiation with 5.0 eV photons is attributed
to photo-induced changes of the surface. A reduction in the work function after the irradia-
tion with 5.0 eV photons is, however, not observed. Therefore, the work function decrease
after the photon irradiation from the external plasma source shown in Fig. 3 is attributed
to the VUV photons with energies higher than 5 and up to 11 eV, even if their flux is more
than one order of magnitude lower. It is suggested that the VUV photons effectively dis-
sociate Cs compounds (e.g., CsOH) and residual gas molecules (mainly H,O) at the sur-
face, leading to a significant change of the chemical composition of the surface. Moreover,
photo-induced desorption processes might play a role.

Exposure to VUV Photons, Hydrogen Atoms and Positive lons

In order to study the work function change of degraded Cs layers upon VUV irradiation
together with hydrogen atoms with and without positive ions, the external plasma source
is operated both at 10 Pa/400 W and 4 Pa/600 W to change the particle fluxes onto the
surface. Similar to the investigations described above, Cs layers in different degradation
states are prepared. When the source is operated at 10 Pa/400 W and the positive ions are
suppressed by the magnetic filter, the work function is reduced to 2.2 eV after a cumula-
tive irradiation time of about 1 min. The corresponding VUV fluence is ~ 3 x 10! m~2,
with which in the case of pure photon irradiation a work function of 2.7 eV is obtained
(see Fig. 3). As already mentioned, the energy range of the photons striking the surface
is extended from 11 to about 15 eV without the MgF, window. However, it is assumed
that the higher photon energy of the additional photon flux plays a subordinate role, as
the dissociation energies of Cs compounds and residual gas molecules as well as typical
adsorption energies are well below 11 eV [6]. The enhanced work function reduction is
thus attributed to the additional impact of the atomic hydrogen radicals. The cumulative
irradiation time is extended up to 3 h and the work function remains constant in the range
of 2.2 + 0.1 eV. Similar to the case of pure photon irradiation the reached QE is systemati-
cally lower the higher the initial work function, showing that the retrieved surface proper-
ties still depend on the previous degradation state.
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As shown in Fig. 5, the work function is also reduced to 2.2 + 0.1 eV when the external
plasma source is operated at 4 Pa/600 W, i.e., at a presumably higher H atom flux and a
higher VUV flux by a factor of 2.5 (see discussion in Sec. 2.2 and Fig. 2). When the mag-
netic filter is removed at 10 Pa, the obtained work function is still 2.2 eV, but in the case
of 4 Pa, a further reduction to 1.9 eV is achieved. In all cases, the work function reduction
occurs on the time scale of minutes.

Additionally depicted in Fig. 5 are the typical QEs at 2.3 eV (close to the work func-
tion). The QE(2.3 eV) increases by about half an order of magnitude when the pressure
is reduced from 10 to 4 Pa with magnetic filter, which is attributed to the higher expected
atomic flux and the higher VUV flux. At 10 Pa without magnetic filter, the QE is com-
parable to the one at 4 Pa with magnetic filter because the lower H and VUV fluxes are
presumably compensated by positive ions striking the surface. At 4 Pa without magnetic
filter, the fluxes are expected to be the largest, leading to the highest QE and the lowest
work function.

The selective exposure reveals that VUV, atom and ion fluxes are beneficial to reactivate
degraded Cs layers to some extent. Since the temperature of the surface increases only by
a few degrees during the irradiation, thermal effects can be neglected. Furthermore, Cs
is not detected with the TDLAS system, implying that Cs is not redistributed within the
experiment and the removal of Cs from the surface is inefficient at the given fluxes. In con-
sequence, changes of the chemical composition of the surface are driven by photochemical
processes and interactions with hydrogen atoms and ions.

Exposure to Full Plasma-Surface Interaction

To investigate the work function behavior of degraded Cs layers upon full plasma-surface
interaction, plasma pulses of a few seconds are applied in the ACCesS main chamber
(internal plasma source) and the work function is measured afterward. The minimum work
function achieved by this is 1.9 £ 0.1 eV and is given after a cumulative plasma-on time
of the order of 10 s. The reached work function as well as QEs are comparable to the ones
achieved during the irradiation with photons, hydrogen atoms and ions from the external
plasma source (see Fig. 5), indicating that the induced chemical reactions at the surface
and resulting modifications of the chemical composition are similar. This result is remark-
able because the applied fluxes and fluences are orders of magnitude higher for the plasma
ignition in front of the surface than from the external plasma source (see Fig. 2). Depend-
ing on the total amount of Cs that was evaporated into the chamber (experimental history),
the measured neutral Cs density during the pulses is in the range of 10'* — 10 m™ and
instantly drops below the detection limit when the plasma is switched off (note that ionized
Cs and Cs compounds are not detected). Hence, a considerable Cs redistribution is driven
within the experiment without having a significant influence on the resulting work func-
tion of the surface. As the temperature of the chamber walls is about 22 °C (water-cooled)
and the temperature of the sample surface remains below 50 °C, thermal desorption of
Cs from the surfaces can be neglected and the Cs release is mainly attributed to chemical
sputtering [25]. During the first pulses an increase in the signals for H,O, N, and CO, is
observed in the RGA recording, showing that adsorbed residual gases within the experi-
ment are released as well.

Investigations with various degraded Cs layers in different campaigns reveal that the
achieved work function can be 0.1 — 0.2 eV higher than 1.9 eV. However, no clear relation-
ship between the initial work function/experimental history and the achieved work function
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minimum is identified. Therefore, it can be stated that a reproducible conditioning of
degraded Cs layers is not achieved by the application of short plasma pulses. By extending
the cumulative plasma-on time from minutes to hours, the work function starts to increase
after some time due to the gradual removal of Cs from the surface [25].

As described in Ref. [20], the minimum work function that is typically achieved by re-
caesiation of degraded Cs layers without plasma exposure is 1.9 — 2.1 eV. When plasma
pulses are applied together with re-caesiation, however, a beneficial synergistic effect is
revealed as a further reduction in the work function is observed. This is demonstrated in
Fig. 6, where hydrogen plasma pulses of 5 s are repetitively applied together with con-
tinuous Cs evaporation. The duration of vacuum phases in between plasma pulses is
3 — 5 min during which the work function is measured. The initial work function of 3.1 eV
is reduced to 2.2 eV by the first pulse, with the measured neutral Cs density being slightly
above 10> m™3. After the subsequent pulse the work function is 2.1 eV and the Cs evapo-
ration is started. The evaporation rate is gradually increased, leading to a Cs density of
~ 5% 10" m~3 during vacuum and ~ 2 x 10'> m~3 during plasma phases. The work func-
tion decreases below 1.9 eV and reaches a stable plateau of 1.75 + 0.10 eV after a plasma-
on time of 1 min (surface temperature below 50 °C). After the application of 25 pulses the
Cs density is maintained and the work function remains constant. When the Cs density is
increased to > 10 m~3 in the following, the work function decreases to ultra-low values of
1.3eV.
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caesiated Mo surfaces measured (iii) H, plasma exposure A
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Fig. 8 Work function behavior 2.00 —~/A — —
of caesiated Mo surfaces with L C o= VUV

initial y = 1.25 +0.10 eV during
1.75 F |- m- VUV + H + Hj .

Cs evaporation together with
1.50 | ,,/r .
L /// —f/ 4
_.-_ -=-@08=-_-10

VUV irradiation (energies up to
11 eV) and together with VUV,
hydrogen atom and positive ion
exposure. The neutral Cs density

Work function / eV

above the sample surface is 1.25 e--L7 4
maintained at ~ 10> m~3 during ]
both experiments
1.00 - .
OO ym| MR | P | PR ......T
0 10 10? 10° 10*

Cumulative irradiation time / s

Further investigations have shown that the exposure of degraded Cs layers to a series
of hydrogen plasma pulses of a few seconds in combination with stable Cs densities
> 10" m~3 in the vacuum phase leads to a reliable retrieval of work functions in the range
of 1.25 + 0.10 eV. In general, the ultra-low work function is retrieved faster the weaker the
degradation. However, for a detailed evaluation of the dependence of the temporal work
function evolution on the initial degradation state and number of plasma pulses required
further studies would be necessary.

In Fig. 7, typical QE curves corresponding to the application of (i) plasma pulses with-
out re-caesiation (y = 1.9 eV), (ii) re-caesiation without plasma pulses (y = 2.0 eV), and
(iii) plasma pulses together with re-caesiation (y = 1.3 eV) are plotted. While the scenar-
ios (i) and (ii) lead to comparable QEs in the energy range of 2.1 — 2.6 eV, a 2 — 3 orders
of magnitude higher QE is achieved in (iii), where the photoelectric response is extended
to the near IR. Apart from the lower work function, the higher QE of the surface is also
expected to be beneficial for the negative ion production, as it indicates a higher electron
density at the surface [7]. Since the work function of 1.3 eV is only reached when the Cs
density is > 10" m~3 (see Fig. 6), the flux ratio of Cs to residual H,O still seems to be deci-
sive to grow ultra-low work function layers.

Ultra-Low Work Function Layers
Exposure to VUV Photons

Similar to the investigations described in Sec. 3.1, ultra-low work function layers are
exposed to VUV radiation from the external plasma source (operated at 10 Pa/400 W)
by applying the MgF, window. The neutral Cs density in the main chamber is kept
at ~ 10> m™ during the experiments, which is the requirement for stable ultra-low
work function layers in vacuum [20]. As shown in Fig. 8, the work function is stable at
1.25 +0.10 eV for irradiation times up to about 2 min, but increases for longer irradia-
tion times, corresponding to VUV fluences > 10%° m=2. After about 1.5 h (VUV fluence
~ 10?! m™?), a significantly increased work function of 1.7 €V is obtained despite the still
constant Cs influx. When Cs layers with a work function of 1.25 eV are exposed to com-
parable fluences with 5.0 eV photons from the mercury lamp (cp. Fig. 4), no influence on
the work function can be detected (not shown). Therefore, the increase in the work function
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is attributed to changes of the surface induced by photons with energies of 5 to 11 eV. A
plausible reason for the work function increase is the photolysis of Cs compounds (in par-
ticular Cs oxides) at the surface.

After the VUV irradiation is stopped, the ultra-low work function can be regained
within several minutes. Hence, changes of the chemical composition of the surface upon
VUV irradiation are reversible.

Exposure to VUV Photons, Hydrogen Atoms and Positive lons

When the ultra-low work function surface is exposed to VUV photons together with
hydrogen atoms and positive hydrogen ions (no MgF, or magnetic filter applied), the
work function evolution is quite similar to the one resulting from photon irradiation
only. As can be seen in Fig. 8, the work function increases up to = 1.7 eV for irradiation
times exceeding a few minutes. Consequently, the governing processes that are respon-
sible for the increase in the work function are expected to be photochemical reactions,
and atomic and ionic particles seem to play a subordinate role here. After the irradiation
with the plasma species is stopped, the ultra-low work function is retrieved within a
couple of minutes, again comparable to the situation of photon irradiation only.

Exposure to Full Plasma-Surface Interaction

Plasma pulses with different pulse durations are applied with the internal plasma source
to investigate the durability of ultra-low work function layers upon full plasma-surface
interaction. The neutral Cs density is ~ 10'> m™ during the vacuum phase to gener-
ate and maintain the ultra-low work function. During the plasma pulses, the neutral Cs
density is increased and in the range of 10" — 10'® m~3 due to the plasma-induced Cs
redistribution within the chamber. The bar diagram in Fig. 9 presents the work func-
tions measured after the different applied plasma pulse durations. Up to about 1 min,
the work function remains in the range of 1.25 + 0.10 eV. The corresponding VUV flu-
ence for pulses of 1 min is of the order of 10?' m~2, with which with VUV irradia-
tion from the external plasma source an increase in the work function is observed. Pos-
sible reasons for the enhanced durability might be the elevated Cs density during the
plasma phase and/or the redistribution of Cs compounds within the chamber. For longer
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Fig. 10 Work function dynamics of ultra-low work function and degraded Cs layers upon exposure to spe-
cific hydrogen plasma species and full plasma-surface interaction (PSI). The applied plasma species fluxes
are provided in Fig. 2 and the work function of bulk Cs is indicated as dashed horizontal bar

exposure times, however, the work function increases, which shows that the ultra-low
work function layer is not stable in the hydrogen plasma environment. After about half
an hour of continuous plasma exposure, the surface temperature is 220 °C and the work
function reaches a stable plateau of 1.8 + 0.1 eV. Since it is shown in [43] that Cs oxide
coatings are stable for temperatures up to ~ 200 °C, it is suggested that thermal effects
play a subordinate role here and the increase in the work function is mainly driven by
physico-chemical interactions with the impinging plasma species.

After the plasma exposure is stopped, the work function decreases again and ultra-
low values are retrieved. The time it takes for the retrieval of the ultra-low values is
shorter the less the work function has increased, i.e., the recovery time depends on the
applied plasma pulse duration. In general, the retrieval of 1.2 — 1.3 eV occurs on a time
scale comparable to the plasma pulse duration.

Compilation of Work Function Dynamics

The conducted experiments impressively demonstrate that caesiated surfaces are heavily
influenced by the interaction with hydrogen plasma species. The influence depends on the
exposure time and initial surface condition and can range from a decrease to an increase in
the work function as summarized in Fig. 10. Ultra-low work functions of 1.25 +0.10 eV,
which are generated with a Cs to H,O flux ratio of > 5 x 1073 onto the surface, are sus-
tained upon plasma exposure times < 1 min (applied plasma parameters given in Table 1).
For longer exposure times, the work function increases. The increase is mainly attributed
to the VUV irradiation, which is inevitably present in the hydrogen plasma environment. It
was shown that the exposure to VUV photons with energies of 5 — 11 eV cause a gradual
increase in the work function and lead to 1.7 eV for a VUV fluence of the order of 10> m™2
while maintaining the Cs to H,O flux ratio constant. Hence, photochemical reactions (e.g.,
photolysis of Cs oxides) change the chemical composition of the surface considerably and
play an important role in the plasma-surface interaction.

The work function that is reached upon steady-state plasma exposure is 1.8 + 0.1 eV,
which is above the ultra-low regime but still lower than the work function of bulk Cs. The
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work function of 1.8 eV is stable for plasma exposure times of several hours, where the
neutral Cs density is kept in the range of 10> — 10'® m=3. Hence, the Cs flux onto the sur-
face and plasma-induced Cs release from the surface are in balance and an equilibrium sur-
face state is reached. When the Cs flux onto the surface is too low during plasma exposure,
the work function gets unstable and gradually increases above 1.8 eV due to the depletion
of Cs (compounds) at the surface. At the present setup this is the case for neutral Cs densi-
ties < 3 x 10'* m™3, corresponding to neutral Cs fluxes < 2 x 1016 m=2%s~".

When the Cs evaporation is stopped and the caesiated surface is left in vacuum, the
work function gradually increases due to the influx of residual gases. With the present
background pressure of some 107¢ mbar a work function of 2.8 eV is given after half a day,
and values higher than 3 eV are obtained after several days. This degradation can partly
be reversed by the interaction with hydrogen plasma species. VUV photons with energies
of 5—11eV lead to 2.8 — 2.5 eV for fluences of the order of 10?° m~2. By the addition of
hydrogen atoms, a further decrease to 2.2 eV is obtained, and in the case of VUV photons
together with hydrogen atoms and positive ions a value of 1.9 eV is achieved in minimum,
which is also obtained with full plasma exposure. Hence, the plasma species modify the
chemical composition of degraded Cs layers and can lead to a work function reduction
of more than 1 eV. However, it needs to be taken into account that the more the surface is
degraded, the lower the retrieved QE of the surface. A higher QE is generally expected to
be beneficial for the production of negative hydrogen ions, as it indicates a higher electron
density at the surface.

The retrieval of ultra-low work functions from degraded Cs layers is not achieved by
plasma exposure without re-caesiation nor by re-caesiation without plasma exposure (mini-
mum work function in both cases in the range of 1.9 — 2.1eV). However, by the application
of short repetitive plasma pulses (of the order of seconds) in combination with continuous
Cs evaporation, ultra-low work functions in the range of 1.25 + 0.10 eV are regained, pro-
vided that the required Cs to H,O flux ratio is given. The retrieval of the ultra-low work
function is accompanied by a significant enhancement of the QE and reveals a beneficial
synergistic effect of hydrogen plasma treatment and fresh Cs adsorption.

Conclusions

The usage of Cs introduces temporal dynamics in the operation of negative hydrogen ion
sources because the plasma-surface interaction leads to the redistribution of Cs and affects
the work function of the converter surface considerably. By the selective exposure of cae-
siated surfaces to hydrogen plasma species it is shown for the first time that VUV pho-
tons (up to 11 eV) lead to changes of the surface composition and that hydrogen atoms
and positive hydrogen ions can affect the surface separately. Therefore, photonic, atomic
as well as ionic interactions lead to work function changes and must be considered in the
plasma-surface interaction. The work function is decisive for the extracted negative ion
current as well as for the co-extracted electron current, the latter often limiting the ion
source performance.

Due to the passivation of caesiated surfaces in the absence of Cs evaporation, a Cs con-
ditioning procedure is required after operational breaks to reduce the work function of the
converter surface and to approach the optimum source performance. By the application of
plasma pulses without Cs evaporation or re-caesiation without plasma pulses the achieved
work function minimum is in the range of 1.9 — 2.1 eV. In order to obtain ultra-low work
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functions in the range of 1.2 — 1.3 eV, the application of repetitive plasma pulses in combi-
nation with continuous Cs evaporation is required, which is typically done in ion sources
for fusion. The achieved ultra-low work function is attributed to the formation of Cs oxides
at the surface due to reactions between Cs and residual H,O, and is obtained for a Cs to
H,O0 flux ratio of 2 5 x 107>,

Cs layers with a work function of 1.2 — 1.3 eV withstand plasma pulse durations of
< 1 min. For longer plasma exposure times, however, a gradual increase in the work func-
tion is obtained and a stable value of 1.8 + 0.1 eV is reached in steady-state for a suffi-
ciently high Cs flux onto the surface. The application of long pulses at ion sources (several
minutes up to one hour) is typically accompanied by a deterioration of the source perfor-
mance over time, which shows up first by an increase in the co-extracted electron current
before ultimately also the extracted negative ion current decreases. This temporal behavior
could consequently be explained by the gradual increase in the work function above the
ultra-low regime.

After the application of long pulses, the ion source performance is typically recovered
within vacuum breaks of several minutes during which Cs is continuously evaporated.
Since the plasma impact does not lead to irreversible effects and ultra-low work functions
are retrieved during vacuum phases of several minutes, the recovery of the ion source per-
formance can be explained by the re-establishment of an ultra-low work function coating
on the converter surface. Consequently, the continuous evaporation of Cs during vacuum
phases is highly beneficial for the preparation of long pulses.

Since it is found that the work function of ultra-low work function layers increases by
about 0.5 eV upon VUV irradiation despite keeping the Cs flux in the desired range, a
temporal increase in the converter work function and the associated deterioration of the
optimum ion source performance seem to be unavoidable during long pulses due to the
inevitable presence of VUV photons in a hydrogen plasma environment. To minimize the
increase in the work function, the focus should be laid on the stabilization of Cs oxides at
the surface. Future studies will include the application of in situ/operando surface analysis
techniques to gain insights into the chemical composition and stoichiometry at the surface.
In addition, it should be analyzed to what extent the QE has an impact on the extracted
negative ion current and co-extracted electron current. Depending on the operational sce-
nario, the QE of caesiated surfaces can be orders of magnitude different, even for compa-
rable work functions. Since the QE is expected to be correlated with the electron density
of the surface, it might be a decisive parameter for the surface production yield of negative
hydrogen ions.
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