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Electron cooling is a fundamental process to guarantee the beam quality in low energy antimatter
facilities. In extra low energy antiproton, the electron cooler reduces the emittance blowup of the antiproton
beam and thus delivers a focused and bright beam to the experiments at the unprecedentedly low kinetic
energy of 100 keV. In order to achieve a cold beam at this low energy, the electron gun of the cooler
must emit a monoenergetic and relatively intense electron beam. An optimization of the extra low energy
antiproton electron cooler gun involving a cold cathode is studied, with the aim of investigating the
feasibility of using carbon nanotubes (CNTs) as cold electron field emitters. CNTs are considered among
the most promising field emitting material. However, stability data for emission operation over hundreds of
hours, as well as lifetime and conditioning process studies to ensure optimal performance, are still
incomplete or missing, especially if the purpose is to use them in operation in a machine such as extra low
energy antiproton. This manuscript reports experiments that characterize these properties and ascertain
whether CNTs are reliable enough to be used as cold electron field emitters for many hundreds of hours.

DOI: 10.1103/PhysRevAccelBeams.24.113401

I. INTRODUCTION

The extra low energy antiproton (ELENA) ring is the
newest and most compact synchrotron decelerator at CERN
with a circumference of only 30.4 m [1-3]. The main goal
of ELENA is to further decelerate antiproton beams coming
from the antiproton decelerator [4] from 5.3 MeV to kinetic
energies as low as 100 keV. At these unprecedentedly low
energies, the number of antiprotons trapped by the experi-
ments is enhanced by up to two orders of magnitude [1].
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During the deceleration process the beam emittance,
or transverse energy, increases due to adiabatic blowup,
intrabeam scattering, and scattering with residual gas
species in the beam pipe. This leads to losses and a
poor-quality beam which is not very useful for the experi-
ments. To counteract these effects, electron cooling [5] is
applied to reduce the longitudinal and transverse energy
spreads of the antiproton beam, leading to an increased
phase-space density. This is achieved by reaching a thermal
equilibrium between the hot ion beam and a cold medium,
the electron beam, which is continuously renewed. In order
for the cooling to be effective, the electron beam must fulfill
specific features regarding beam current and beam energy
[6-8]. The cooling process takes place twice during
ELENAs beam cycle [9,10]: (i) First cooling plateau,
where the antiproton beam with kinetic energy 650 keV
(momentum 35 MeV/c) is cooled by an electron beam
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with a kinetic energy of 355 eV and a current of 5 mA
and (ii) Second cooling plateau or low-energy extraction
plateau, where the antiproton beam with kinetic energy
100 keV (momentum 13.7 MeV/c) is cooled by an
electron beam with a kinetic energy of 55 eV and a current
of 1 mA.

In both cases, the electron beam has a diameter of 25 mm
in order to fully enclose the antiproton beam of ELENA.

For better clarity, the typical ELENA cycle is illustrated
in Fig. 1. As it is possible to see from the ELENA cycle,
the electron cooler must work in switching mode to
comply with the timing of the electron cooling pleateaus.
In detail, the electron gun must emit for approximately
15 s during the first cooling plateau and for approximately
8 s during the second cooling plateau. During injection,
deceleration steps and ejection the gun is switched off.
Furthermore, the gun must emit for several hundreds of
hours with an emission stability of at least 5%, meaning
that suitable lifetime and emission stability are critical. In
this context, when describing current stability, we refer to
current fluctuations in the mid- and long-term as small and
local current outbursts do not represent an issue in the
cooling process.

A thermionic electron source is normally operated in
ELENA, although its performance is limited due to the
relatively high-transverse energy of the emitted beam
(>100 meV) and the need to heat it to high temperatures
makes its design and operation quite complicated.
Photoemission has also been considered, but the low
lifetime of the cathodes is incompatible with operation
specifications. For such reasons, we are investigating the
feasibility of using carbon nanotubes (CNTs) as electron
field emitters, which would lead to a cold cathode electron
gun. Despite field emission being quite a well-known effect
since 1928 when first proposed by Fowler and Nordheim
[11], it has recently become a fruitful field of research,
thanks to the technological progress that has opened
up the possibility of creating 2D nano-structures. 2D
nano-materials can have greatly enhanced field emission
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FIG. 1. Example of a typical beam cycle of the ELENA ring,

showing the time evolution of the antiproton beam momentum.

properties and permit to extract relatively high-current
densities (usually dozens of mA/cm?) at a relatively
low-applied electric field (some V/um). This is possible
thanks to a field enhancement effect at the nano-structures’
tips which experience a higher local electric field than the
applied electric field. This effect permits a lower applied
electric field to still emit large currents. The field enhance-
ment is usually described by means of the so-called field
enhancement factor S [12].

For our study, CNTs have been chosen due to their
remarkable properties in this field. They are nowadays
considered among the most promising materials for field
emission, capable of reaching high-current densities,
being largely chemically inert and having a good emission
stability. Several groups have reported promising results
using arrays of vertically aligned CNTs. Such arrange-
ment minimizes the screening effect which usually
severely affects the performance of forests and disordered
structures [13—17]. However, most of the existing liter-
ature on this topic is oriented to the study of the maximum
reachable current, and there is very little known about
emission stability and lifetime. According to several
different studies, CNTs are able to reach extremely
high-emitted current densities, even up to 100 mA/cm?.
However, such results are usually relative to quite small
samples and, therefore, translate to relatively small nomi-
nal currents, in the range of pA. Stability measurements
are usually performed over short times (up to 24 h)
and comprehensive lifetime studies are seldom reported
[18-21]. In our case, we aim at nominal currents in the
range of some mA, in order to prove that CNT samples
can withstand the required ELENA electron beam currents
and at the same time stably emit for hundreds or even
thousands of hours.

In the next sections, we will go into the details of our
research. In Sec. II, we describe the experiments performed
and the experimental techniques used. In Sec. III, the focus
moves to the achieved results and their discussion. In detail,
we describe (i) The choice of two possible CNT array types
selected for testing, (ii) The stability and lifetime measure-
ments performed on the two different array types and the
conditioning process required to achieve repeatable and
optimal performance, (iii) The choice of the best array type
in light of the experiments’ results, (iv) The tests performed
in switching mode to comply with the ELENA cycle,
(v) The performance of a new chip with the selected array
type operated under best conditions and a comparison study
with the previous results, (vi) An emission stability study at
different emitted current values to assess compliance with
the gun requirements (current fluctuation of less than 5%),
and (vii) The surface analysis of the samples to evaluate
the benefits of the conditioning process and further char-
acterize the samples. Finally, in the conclusion, we focus on
the concluding remarks while summarizing the research
highlights.
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II. EXPERIMENTS

The main experimental setup shown in Fig. 2 is operated
in diode configuration. It consists of a CNT array acting as
the cathode. The emitted electron beam is collected and
measured at a molybdenum plate which acts as the anode.
The setup is placed in a vacuum chamber with three flanges
dedicated to sample hosting.

Each flange can host three samples, giving a total of up
to nine samples. Each sample is independent of the others
and can have a diameter of up to 45 mm. The flanges have
undergone a few updates over the last two years. In the
current version, the distance between cathode and anode is
set to approximately 800 ym and a mica insulating plate is
placed on the top of the cathode to avoid contributions from
the cathode edges. The mica plate acts as a mask as well,
having a fixed aperture which permits precise control of the
emitting area, Fig. 2(b).

Each sample stack is made of a copper support that acts
simply as a holder, a Vespel or mica insulating plate, a
stainless steel (SS) plate on top of which there is an
n-doped Si substrate with the CNT array, and finally the
mica insulating mask. The purpose of the SS plate is to
make the electrical connection. This stack is kept together
by means of PEEK insulating screws. Finally, a molybde-
num plate is fixed directly on the copper support using
ceramic washers and screws. The electrical connections are
made by means of copper/Kapton wires; one connected to
the SS plate and the second to the molybdenum plate,
Fig. 2. Both wires are then connected to SHV feedthroughs.
To produce the electric field, we apply a negative voltage on
the cathode using an ISEG HPn-120256 with a maximum
voltage of —12 kV. The current measurements are made
at the anode side, which is grounded, using a Hameg
programmable multimeter HM8012 with resolution of
1 pA. Our samples are all relatively big in size, meaning
that we are able to easily extract currents from hundreds of
1A up to several mA.

For the data acquisition we use LabView [22] routines,
both for the DC and the switching mode. The pressure is
monitored with a Pfeiffer full-range vacuum gauge able
to measure from 1 x 107°-~1000 mbar. Two types of CNT
arrays have been characterized in this study: a honeycomb-
like array (CNT1) and a square-islands array (CNT2). Both
geometries were characterized and validated with scanning
electron microscopy (SEM) before operation. The scanning
electron microscope used is a Zeiss XB540 FIB-SEM.
Figure 3 shows the scanning electron micrographs of the
two arrays. In both cases, the CNT height is of about
50 pum. The honeycomb-like structure pattern is made of an
array of hexagons with side size of 10 um and spacing
between hexagons of 5 yum. The CNTs, also visible in
Fig. 3, are placed inside the hexagons, while the channels
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FIG. 2. (a) Cold cathode test bench. (b) Flange and CNT
samples arrangement. (c¢) Sample stack layout.
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FIG.3. SEM images of the honeycomb-like array CNT1 (a) and
squared-islands array CNT2 (b).

separating the hexagons are empty. The square-islands
array pattern is made of 30 x 30 ym squares, with a
spacing of 30 ym. In this case, the CNTs constitute the
squares while the channels between the islands are empty.
The samples have been purchased from an external
commercial supplier, Nanolab Inc. [23], and they are
8 mm in diameter. All samples were grown using thermal
chemical vapour deposition [24] using a combination of Al
and Fe as catalysts to promote CNT growth. The patterns
have been selected to limit screening effects, thus increas-
ing the emitted current density, while still having a large
number of emitters participating in the emission. This
minimizes the emitted current per single tip at the nominal
required current value. Several tests have been conducted to
characterize various key properties: emitted current as a
function of the applied electric field, emission stability,
lifetime, switching, and measurements of beam energy.

A commercial ultrahigh vacuum (UHV) system, with
a base pressure below 2 x 107! mbar (SPECS Surface
Nano Analysis GmbH, Berlin, Germany), is utilized for
secondary electron yield (SEY), x-ray photoelectron spec-
troscopy (XPS), and ultraviolet photoelectron spectroscopy
(UPS) characterization of CNT samples on silicon. The
system consists of a hemispherical electron energy analyzer
with nine channeltrons (Phoibos 150), a monochromated
AlKa X-ray source (XRS50 M with Focus 500, hv =
1486.7 eV), and a noble gas discharge source that was
operated with He (UVS 10/35, hv = 21.2 eV). The energy
scale of the analyzer is regularly calibrated using sputter-
cleaned polycrystalline Cu, Ag, and Au foils. For analysis
of the SEY between 0 and 1800 eV primary electron
energy, an electron beam of ~2 nA generated by a Kimball
Physics ELG-2 electron gun at a distance of 2 cm to the
sample was focused to a spot diameter of 1 mm on the
surface. The details of the setup and the implemented
experimental conditions are described in Ref. [25], a
sample bias of +47.1 V was used. The samples were
characterized as loaded from ambient temperature as well
as after several heating cycles at constant temperature in the
UHV chamber (180 °C for 30 min, 180 °C for 120 min,
250 °C for 240 min, and 300 °C for 180 min) with 30 min of
ramp-up and ramp-down time, utilizing a radiative heater
placed on the backside of the sample holder, and sub-
sequent cooldown. The maximum pressure rise during
heating was by two orders of magnitude. For detailed
analysis of the degassing species during the annealing
cycles, the residual gas composition of the vacuum cham-
ber was monitored using a Pfeiffer PrismaPro quadrupole
mass spectrometer. Besides the structured samples, two
plane Si wafers have been overgrown with CNTs using
the comparable processing conditions to allow large-scale
analysis of homogeneous CNT samples by the surface
spectroscopy methods, which have a spot diameter of
1-2 mm.

III. RESULTS AND DISCUSSION

A. Lifetime and stability measurements

The characterization of several CNT1 and CNT2 type
samples started with a conditioning and stability test at
fixed field before the voltage was slowly ramped up. These
initial procedures as well as the results from vacuum
monitoring showed that the emitted current is strongly
dependent on the vacuum level and vice versa, Fig. 4. This
can be partly explained by the shortening of CNTs during
current peaks and outgassing. Other important factors are
ion bombardment and residual gas ionization, effects that
can become dominant if the pressure is not low enough.
Current emission can be significantly affected by ion
bombardment and ionization processes leading to break-
downs, thus affecting the stability of the emission and in
some cases altering the field emitter tips. This also disrupts
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FIG. 4. Conditioning test for CNT1-type array. Current density
and pressure as a function of time for field £ = 1.94 V/um (a)
and E = 2.4 V/um (b).

the field emission properties of the material and leads to
degradation [26]. These last two effects play a major role in
affecting emission stability and lifetime. Most of these
phenomena act in a cause and effect dynamics. This means
that in some cases the deterioration of the CNTs depends on
the pressure, due to ion bombardment and outgassing
inducing shortening of the CNTs and arcing. In other
cases, the pressure depends instead on current spikes,
arcing, and outgassing too. Hence, in order to limit these
cause and effect dynamics and ensure a stable and reliable
emission a good vacuum and a slow conditioning process
are essential. For instance, a slow conditioning process with
gradual increase of the electric field (and consequently
of the emitted current) is also beneficial to shorten, and/or
burn, protruding CNTs that can alter the overall cathode

performance affecting the emission stability. SEM imaging
was conducted before the tests and after a few hundreds
of hours of operation, but did not show any clear sign of
deterioration, indicating that if a shortening of the CNTs
did happen it was negligible or marginal. The major
changes to the emission performances can then be attrib-
uted to burnout/shortening of protruding CNTs, which is
not trivial to detect via SEM imaging, outgassing, and
desorption from the nanotubes’ tips.

The emission properties as a function of the applied
electric field have also been studied, Fig. 5. The threshold
field, defined here as the electric field necessary to reach a
current density of 1 mA/cm?, is E, = 1.67 V/um for the
two cases studied. The two cases mentioned correspond to
two different voltage ramps performed on a CNT1 sample:
the first one was made after about 380 h of operation and
the second one after an additional 300 h. However, the
behavior of the two curves, both fitted with the classic
Fowler-Nordheim (FN) equation [11] for simplicity, shows
a slight shift when the electric field increases, indicating
that the conditioning process has indeed changed the
emission properties (Fig. 5). The classic FN equation used
is the following:

132
= (g /@)exp(H1). 0

where J is the current density, A = 1.54 x 107% AeVV~2,
B =6.83x10°eV2Vm™!, ® is the work function of
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FIG. 5. Plot of experimental points and fit with Fowler-

Nordheim equation of an electric field ramping test for CNT1-
type array. On the axis: applied electric field vs current density at
t; = 380 h (blue) and #, = #; + 300 h (red). The threshold field
relative to the threshold current of 1 mA is represented with the
dotted lines and centered at the value E,, = 1.67 V/um. The error
bars for Plots 1 and 2 are derived from the instruments’ accuracy,
e.g., the multimeter sensitivity for the current density and the
voltage power supply sensitivity for the electric field.
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the material, and E; is the local field at the emitting tip.
E; = pE, with E being the applied electric field and j the
field enhancement factor [12,27]. Despite the FN formula
being theoretically incorrect when it comes to describing
the field emission properties of CNTs [28-30], it is still
useful for performance and threshold field comparison due
to its fitting simplicity.

Further tests have shown that the CNT1 samples can
emit for hundreds of hours without showing signs of
burnout.

Concerning the test with CNT2-type arrays, most chips
did not show acceptable performances. Among the best
features shown by the CNT2s, we can point out a higher
threshold field, E, =2.71 V/um, with respect to the
CNTls. On the other hand, although CNT2s showed a
good initial stability, their lifetime was significantly lower
than that for CNTls, as shown in Fig. 6. In their best
performance, the CNT2s reached total burnout after
approximately 500 operation hours, a value much smaller
than for the CNT1s, for which an operational time of more
than 1500 h has been demonstrated without clear signs of
burnout.

The 1500 h value concerning the CNT1-type samples’
operation time arises from a cumulative analysis of all the
measurements performed on the CNT1 sample during the
past two years. These tests include trial voltage ramps and
several conditioning tests made at fixed fields and per-
formed at different base pressures. Such additional tests are
similar to the tests presented so far and are not directly
reported here since they do not bring any additional value
nor further depth to the discussion.

In the CNT2-type arrays, the number of CNTs is
significantly smaller than it would be in a CNTI1-type
array of equal size. For equal chip size, a CNT2-type array
would have a number of CNTs of around 25% compared to
a CNT1-type array. This explains why the field necessary to
extract a comparable amount of current is necessarily
higher. As a consequence, this causes two operational
problems: a bigger current per tip must be emitted, there-
fore increasing the stress on the nanotubes, thus negatively
affecting stability and lifetime, as indicated by the experi-
ments conducted so far; a larger applied electric field is
required, which translates into more energetic electrons,
while for our purpose it is important to keep the electron
beam energy as low as possible.

All the above conceptual and experimental evidences
convinced us to discard the CNT2-type arrays and focus
our investigation on the CNT1-type arrays to be applied in
the electron cooler gun.

The effect of the environment conditions on the current
emission is also shown in Fig. 6. At the time of CNT2
burnout, a big vacuum spike can be noted as shown in
Fig. 6(b). This is the same effect seen in the lifetime
measurement of CNT1, Fig. 6(a). The two chips were being
tested simultaneously and after the vacuum spike, the
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FIG. 6. Lifetime test for CNT1 with a fixed field E = 3 V/um
(a) and for CNT2 with fixed field £ = 3.9 V/um (b).

emitted current for the first array undergoes a steep peak
and then drops significantly.

Further studies at different vacuum levels on other
samples showed how the difference in emission stability
can be striking. For optimal performance, a pressure in
the order of 1078 mbar or lower is necessary to avoid
significant contributions from ionization processes. Further
proof of this behavior is given by the increased perfor-
mance of CNT1s when the pressure was decreased below
1 x 1078 mbar. It is indeed possible to infer from Figs. 7
and 8 how the emission stability was improved without
clear signs of deterioration. As an additional improvement,
a bakeout process was also added to clean the vacuum
chamber and the emission region. Figure 7 shows results
from stability tests conducted on the same CNT1 sample on
which the lifetime and stability studies were previously
reported. In this case, the test is performed in switching
mode to test the feasibility of current switching as required
for ELENA. In this mode, the cathode emits for about 15 s,
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FIG. 7. Emission stability test in switching mode for a CNT1-
type array (E = 2 V/um). In (a), the switching mode is operated
for around 14 h, then the emitter is subsequently operated in dc
mode to compare stability. In (b), the switching mode is
continued for an additional 25 h.

which is approximately the cooling time for the first
cooling plateau in ELENA, followed by 15 s of pause,
which is approximately the time required for injection,
deceleration steps, and ejection in the ELENA cycle. The
emission switching was initiated via a LabView routine,
which controls the power supply providing the negative
voltage to the cathode. The power supply was switched on
and off every 15 s. In Fig. 7(a), it is possible to see how the
switching does not cause significant variations despite the
presence of local low current peaks. After around 14 h,
the switching was stopped to evaluate the stability in dc.
Despite an initial slight increase in current, the stability was
still optimal. In Fig. 7(b), the switching is restarted and
continued for 25 additional hours without clear signs of
degradation.
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FIG. 8. Emission stability test for CNT1-type array at two

different applied electric fields: E=2.5V/ym and E=2.6 V/um.

In Fig. 8, the performance of another sample (CNT1-
type) is presented. The emission is remarkably stable for
more than 250 h in total at two different applied electric
fields, particularly at the lower field. In this case, there
was an optimal pressure of less than 1 x 10° mbar and a
bakeout process at 220 °C was performed before the test.
However, CNTs can easily be heated to much higher
temperatures since they are grown at temperatures of the
order of 700 °C.

Comparing now the results obtained for the CNT1-type
array, it is possible to extract some further evidence of the
importance of the conditioning process and the need to
ramp-up the electric field gradually. In fact, it could be seen
in Fig. 5 that the current emitted per applied electric field
is extremely high as compared to all other results from
stability tests for the same sample. Especially considering
that the results for the additional CNT1-type sample are
comparable with the first sample’s latest results. After
efficient conditioning and with a proper base pressure of
at least 10(-8) mbar these discrepancies disappear. In fact,
in Fig. 4(b) the extracted current density amounts to
0.7 mA/cm? on average for an electric field of
2.4 V/um, and in Fig. 8 we have a similar current density
of 0.9 mA/cm? at an electric field of 2.5 V/um. This
shows that samples of the same type roughly exhibit the
same performance. These comparisons show that without a
proper and efficient conditioning process it is hard to
separate the real performance of the sample from spurious
effects caused by ionization processes, adsorbates tempo-
rarily changing the work function value and presence of
protruding CNTs, all factors that can significantly alter the
emission properties.

We have conducted the same measurement of current
density vs applied electric field on a second CNT1-type
sample. In this case, the conditions were optimal for both
pressure and bakeout. It is possible to see from Fig. 9 how,
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the way up and down. The electric field was ramped from 0 to 2.6 V/um.

despite some small variations, the results tend to converge
to similar values and also agree more with the results
achieved via stability measurements. In this particular case,
the electric field was ramped up and down 6 times from O to
2.6 V/um. This electric field range allowed us to reach
current densities up to 2 mA/cm?. Since the emission
target is indeed in the order of 1-2 mA /cm?, we decided to
limit the study to this range. This is also motivated by the
same behavior shown in every ramp despite some little
adjustment, which suggests that the conditioning process
has been efficient and that the current values that were set as
requirements are easily reachable at relatively low fields
and in a reproducible way. In Fig. 9, it is also possible to
notice a kink in the emitted current when the applied
electric field exceeds 2.4 V/um. This behaviour holds for
all six ramps, both on the way up and on the way down,
indicating the possible presence of a change in the emission
behavior. This change seems to suggest the presence of
two different emission regions, one below approximately
2.4 V/um where the current emission seems to be inhibited
and one at higher fields where the exponential behavior of
the current rise is enhanced.

In order to assess whether the stability is affected by the
emitted current, we performed a further experiment on this
last CNT1 sample. We studied the emission stability at five
different applied electric fields for about 20 h, Fig. 10(a),
and then calculated the standard deviation ¢ for the emitted
current density for each case. The standard deviation
reflects the intensity of the current density fluctuations
over the period of study. The results show an increase in
the overall standard deviation when the current density

increases. However, the calculation of the coefficient of
variation percent shows instead an inverted trend. The
coefficient of variation cy, or relative standard deviation,
is defined as the ratio between the standard deviation ¢
and the mean value of the data set (i.e., the average
current density (J)) and it is usually represented as a
percentage [31],

cyl%] = <% % 100. (2)

In this case, it represents the variation percentage of the
emitted current density and provides a description of the
emission stability over time. The analysis of the coefficient
of variation shows how the current density variation
percentage decreases at higher emitted current densities,
indicating optimal stability when the emitted current
density is increased, Fig. 10(b).

The experimental data is represented with circles, while
the full line represents a fit of the experimental data in order
to make the trend clearer. The fit was made with MATLAB
and with a power equation of the type: y = ax? + c.

This study suggests that CNTs can also stably emit at
high-applied electric fields with coefficient of variation of
even less than 1%. These results are summarized in Table I.

Therefore, the choice of having large or small area
cathodes would solely depend on the operational require-
ments regarding the total nominal current variations and
most importantly the beam energy. For the emitted current
and its variations, at equal nominal emitted current, a large
area cathode permits to emit with lower current densities,
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FIG. 10. (a) Current density (mA/cm?) as a function of time

(h) for CNT1 sample. Measurement conducted at five different
applied electric fields for 20 h of emission each. (b) Standard
deviation (mA /cm?) and coefficient of variation (%) as a function
of the current density (mA/cm?) for CNT1 sample at five
different emitted current densities (five different applied electric
fields).

therefore having slightly smaller nominal fluctuations; a
behaviour that, however, does not extend to the current
density variations percentage. For the beam energy, large
area samples permit the application of a lower electric
field at equal nominal emitted current, therefore having
electrons with lower longitudinal kinetic energy. This could
be beneficial for operations requiring low-energy electrons
such as the ELENA experiment.

B. Surface analysis and work function measurements

Field emission strongly depends on the work function, it
is therefore important to clearly determine its correct value.
In fact, even localized changes in the work function due to
the presence of adsorbates on the CNT tips can lead to

TABLEI. Measurement of standard deviation ¢ and coefficient
of variation cy of the emitted current density of a CNT1 sample at
five different applied electric fields E and current densities (J).

Average Standard Coefficient
current density deviation o of variation
E(V/um)  (J) mA/em®)  (mA/cm?) cy (%)
2 0.337 0.006 1.85
2.1 0.611 0.005 0.85
2.25 0.762 0.006 0.76
2.43 0.953 0.006 0.58
2.6 1.385 0.01 0.73

drastic changes in the emitted current. Such changes will of
course depend on the adsorbed elements since this can
cause an increase in the work function. This translates
into a decrease in the emitted current, or alternatively, an
increase in the emitted current due to a drop in the work
function [32,33].

In order to assess these aspects, the surface properties of
CNT samples were characterized under UHV to determine
the surface composition by XPS and to characterize the
global work function of the CNTs by SEY measurements
and UPS. Structured samples with either the honeycomb-
like array or the square-islands array were characterized
after loading in the analysis system. As the lateral reso-
lution of the implemented experimental techniques is
limited to a spot diameter of 1-2 mm, leading to a
superposition of signals from the CNT regions and the
surrounding Si wafer, we have also characterized two CNT
samples (“Full Coverage 1" and “Full Coverage 2”), which
consisted of a Si substrate fully covered with CNTs on an
area of 10 x 10 mm? that were grown using comparable
processing parameters, except for slight adjustments in the
gas ratio during growth. Additionally, on these two samples
annealing cycles under UHV were performed to investigate
whether air exposure affects the work function and surface
composition and whether a thermal treatment in vacuum
could improve the surface quality. All measurements were
performed at room temperature, i.e., after each annealing
step, the sample was left to cool down. Several groups have
reported results on the work function of CNTs, with values
spanning from 4 to even 5.6 eV, depending on the technique
used and possible alterations due to adsorbates [34-36].
The performed measurements aim to quantify the work
function value of multiwalled CNTs before and after
annealing, which is linked to their practical utilization in
a baked UHV chamber for field-emission applications
in ELENA.

Residual gas analysis (RGA) was performed during each
annealing cycle by means of a continuous recording of
spectra to monitor the outgassing and desorption. This
allows the simulation of a bakeout of the vacuum chamber
to improve the base pressure, while simultaneously also
heating the CNT emitter region. The performed RGA
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measurements inevitably includes signals from species
desorbing from the CNT area as well as the predegassed
sample holder. Therefore, their results allow only a partial
identification of bakeout induced benefits for the CNT
surface. As expected, mainly H, H,, O, OH, H,0, CO,
various hydrocarbons, and CO, are desorbed. During the
first cycle at 180 °C, the main contribution is water
desorption and emission of volatile species. At higher
annealing temperatures the relative content of CO and CO,
increases, which is consistent with desorption and con-
version of species at these temperatures. We anticipate that
such a thermal treatment would be able to successfully
clean the sample and especially the CNTs for electron
emission. As a result, it would also prevent pressure bursts
during emission ramp-up as confirmed by our stability
measurements. The RGA experimental results hereby
presented cannot provide for a quantitative analysis relative
to the thermal treatment benefits, although they do provide
for a qualitative endorsement of its beneficial effect to the
emission region and sample cleaning.

XPS measurements of the sample “Full Coverage 2”
before and after the annealing process are shown in Fig. 11.
Most important to note is the low-impurity level of oxygen
(1.1 at.%) even without annealing, for which the weak
signal of the Ols state is at 532.5 eV binding energy (i.e.,
the binding energy of the electrons in the first orbital, the
orbital “1s”, of the oxygen atom). This oxygen content
dropped further to below the detection limit of the O1s state
(0.1 at.%) after annealing. In addition, iron (Fe) is detected
(0.05 at.%) which is due to the Fe catalyst layer that is
deposited onto the Si wafer prior CNT growth. The fluorine
impurity signal (0.4 at.% before heating) disappeared as
well as the oxygen contribution after the thermal process-
ing. Figure 11(b) includes the spectra of the Cls state (i.e.,
the binding energy of the electrons in the first orbital, the
orbital “1s”, of the carbon atom) for the sample prior to and
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£ - [ 3
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FIG. 11. (a) XPS survey spectra of CNT sample “Full Coverage

2” as loaded and after the complete UHV annealing process.
(b) Corresponding Cls spectra.

after the annealing steps. Overall, only slight changes in
the XPS spectra occurred. While the peak maximum at
284.5 eV is unchanged, the thermal processing in UHV
induced a slight signal increase of the electronic excitations
(around 290.5 eV) of the CNT sample. We attribute this
aspect to the thermally induced desorption of adsorbates
from the nanotube surfaces that partially saturated =
electrons before the heating process. It is anticipated that
the increase of delocalized electrons at the CNT surface is
advantageous for its electron emission performance and
stability.

The work function was extracted from the low-primary
energy part of the SEY curve. The method used, called
beam-stop method, was already applied in earlier studies
[25,37,38] and is correct when the beam is impinging
normally to the surface. As this method requires a reference
material for determining the work function, we measured in
parallel a sputter-cleaned polycrystalline Au sample with a
work function ® of 5.3 eV [39]. Work function differences
can be determined with high precision (0.01 eV) using this
approach. Figure 12(a) shows as an example the energy
dependence of the SEY at low energy for a CNT sample and
the Au reference, while the derivatives of these curves are
shown in Fig. 12(b). As the derivative represents symmet-
rical peaks, we use their minimum to determine the work
function difference. The measured @ values are summa-
rized in Table II. After insertion in the analysis system @ is
around 4.4-4.5 eV. Figure 12(c) indicates that the UHV
annealing up to 300 °C has only a minor influence on the
surface work function of the CNTs. As determining
absolute work function values is always linked to exper-
imental uncertainties (typically 0.1 eV), after annealing of
the fully covered samples, we have additionally measured

4.60
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2 0.8 L 4.55
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FIG. 12. Work function analysis based on SEY measurements.
Example LE-SEY data of the homogeneous CNT sample “Full
Coverage 1” and a sputter-cleaned Au reference sample in (a) and
the curves derivatives in (b). The variation of the work function
during the performed heating cycle of samples “Full Coverage 1”
and “Full Coverage 2” under UHV based on SEY measurements
is shown in (c).
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TABLE II.

Determined work function @ in eV for the four different samples based on SEY and UPS analysis.

Method—sample condition Honeycomb-like array

Squared-islands array

Full Coverage 1 Full Coverage 2

SEY—as loaded
SEY—after annealing
UPS—after annealing

4.38 +£0.1

4.40+0.1 4.47+0.1 4.45+0.1
445 +0.1 442+0.1
4.54+0.1 4.57+0.1

® by linear extrapolation of the leading edge of secondary
electron emission. The resulting values of (4.54 +0.1) eV
and (4.57 £0.1) eV for sample “Full Coverage 1” and
“Full Coverage 2”, respectively, match very well with the
numbers obtained by the SEY analysis.

IV. CONCLUSIONS

In this paper, we have characterized several CNT
samples, focusing on two main arrangement geometries,
to characterize the properties of CNT arrays and assess
whether they can be considered good candidates for
being used operationally in ELENA as cold electron field
emitters.

The samples tested so far have shown promising results
if operated in optimal conditions, i.e., at a pressure P below
1 x 1078 mbar and after a vacuum bakeout at a temperature
T above 200 °C. Additionally, a conditioning process with
voltage ramps is strongly advised in order to achieve
reproducible results. UHV and bakeout perfectly match
the requirements of ELENA, where the nominal pressure is
around 10~!2 mbar and bakeout is part of the conditioning
procedure.

One of the biggest concerns about CNTs pertain to their
lifetime and stability. The performed tests indicate a good
stability and the lifetime is promising for the so-called
CNT1-type arrays with honeycomb-like geometry. Namely
for the array most thoroughly tested we were able to reach
more than 1500 h of emission at different electric fields and
without signs of burnout or degradation. The overall current
stability matches the requirements of the electron gun of
ELENA. Furthermore, with the emission from CNTs only
dependent on the electric field, it would also be possible to
devise a feedback system adjusting the applied electric field
in case of small long-term instabilities. The stability proved
so far by the CNT emitters seems to be compatible with
such a solution since no significant current drops have been
observed if CNTs are operated under optimal conditions.

For the maximum reachable current, all samples show
that they can reach the maximum required value of 5 mA.
We have successfully reached current densities as high as
2 mA/cm? with all samples, which would already suffice
for our purpose considering the sample sizes.

The use of a large area cathode would most likely
be beneficial for optimizing the performance for opera-
tional use, since it would allow us to use a lower electric
field. This is beneficial in our particular case since the
energy of the required electron beam is extremely low

(355 and 55 eV) and therefore the beam would anyway
undergo a deceleration process after the emission.
However, the tests shown in Figs. 10(a) and 10(b) show
how an increase of the applied electric field with conse-
quent increase of the emitted current would not influence
the emission stability, while instead permitting lower
current fluctuations, at least when considering the time
frames (20 h) and the current densities investigated in this
case (up to 1.5 mA/cm?).

The choice of having a large number of CNTs and small
channels also seem to improve stability and lifetime. This
can explain why the honeycomb-like arrays proved to have
the best performance. The choice of this pattern is aimed at
having a large number of CNTs emitting simultaneously,
and the honeycomb arrangement permits the best space
optimization to maximize this parameter. A reason for the
poor performance of the square-islands array may derive
from this feature, since in this case the total number of
CNTs is much smaller compared to the honeycomb-like
array of similar chip size. This also means that individual
CNTs would need to emit a larger current if the total chip
size and current density match the values of a CNT1 array.

The results achieved so far are part of a project aiming at
designing an electron gun for the ELENA electron cooler.
To achieve this goal, further tests will be planned for the
future. Measurements of the beam initial energy are
deemed essential to assess whether a CNT cathode can
outperform the current thermionic gun used in operation in
ELENA. For this purpose, we foresee the commissioning of
an additional test bench in triode configuration, consisting
of the emitting cathode, a grid and an anode consisting
of a phosphor screen to perform such tests. Considering
the necessity of having a very homogeneous field in the
emission region, while keeping the electric field as low as
possible, an extracting grid at appropriate distance, around
approximately 1 mm, is considered to be necessary for
extracting a low-transverse energy electron beam. Such
grid distance, coupled with the electron beam current
requirements, imply the application of an electric field
of the order of a few keV. Since the electron gun also
requires a switching mode to comply with ELENA’s beam
cycle, the gun must therefore undergo high-voltage switch-
ing, which consequently represents a further step toward
the final electron gun design.

The use of such gun in the ELENA cooler, aside from
hopefully decreasing the electron beam temperature, would
also allow simplification of the gun arrangement, elimi-
nating the necessity of a heating filament, thus making the
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conditioning process faster and simpler, while at the same
time achieving a more efficient electron cooling process.
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