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Two  polycrystalline  diamond  surfaces,  manufactured  by chemical  vapour  deposition  (CVD)  technique,
are  investigated  regarding  their  applicability  as charge  state  conversion  surfaces  (CS) for  use  in  a low
energy  neutral  atom  imaging  instrument  in  space  research.  The  capability  of  the  surfaces  for converting
neutral  atoms  into  negative  ions  via  surface  ionisation  processes  was  measured  for  hydrogen  and  oxygen
with  particle  energies  in  the  range  from  100  eV  to  1 keV  and  for  angles  of  incidence  between  6◦ and  15◦.
We  observed  surface  charging  during  the surface  ionisation  processes  for  one  of  the  CVD  samples  due to
urface ionisation
hemical vapour deposition diamond
harge state conversion surface
nergetic neutral atom imaging
on scattering
pace research

low  electrical  conductivity  of the  material.  Measurements  on  the  other  CVD  diamond  sample  resulted  in
ionisation  efficiencies  of  ∼2% for  H and  up to 12%  for  O. Analysis  of  the  angular  scattering  revealed  very
narrow  and  almost  circular  scattering  distributions.  Comparison  of  the  results  with  the  data  of the  CS  of
the IBEX-Lo  sensor  shows  that  CVD  diamond  has  great  potential  as  CS  material  for  future  space  missions.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Imaging of plasma populations using energetic neutral atoms
ecame a standard measurement in space plasma research to inves-
igate planetary magnetospheres or even the outer boundaries of
ur solar system, where the heliosphere encounters the local inter-
tellar medium [1]. Energetic neutral atoms (ENAs) are generated
n various processes. For magnetospheric research, the process of
harge exchange of energetic ions with a cold neutral background
as is the most important. Contrary to ions, the trajectories of
nergetic neutral atoms remain almost undisturbed after their for-
ation [1]. Therefore measurements of populations and directions

f ENAs in space plasmas offer valuable clues to ENA formation and
agnetospheric or heliospheric plasmas and their interaction and

herefore further our understanding of global plasma processes [2].
Research in ENA measurements started in the late 1960s, when

rst neutral atom imaging instruments were developed and flown
n sounding rockets to measure neutral hydrogen in the Earth’s
tmosphere [3]. The spectrometer for these experiments consisted

f a deflector at the opening to prevent charged particles from
ntering the instrument followed by a thin carbon foil to ionise the
ncoming neutrals [3]. The ionisation of the neutrals is necessary

∗ Corresponding author. Tel.: +41 316314424.
E-mail address: neuland@space.unibe.ch (M.B. Neuland).

ttp://dx.doi.org/10.1016/j.apsusc.2014.05.206
169-4332/© 2014 Elsevier B.V. All rights reserved.
for subsequently deriving their velocity and mass in electrostatic
and magnetic analysers, and hence their energy. To this day, neutral
atom imaging spectrometers on space missions follow this concept
as a matter of principle.

ENAs in space plasmas possess energies in the range of a few eV
up to MeV  depending on their origin and formation [1]. For ENAs
with energies below 1 keV/amu, when passing through a thin foil,
the angular scattering significantly increases and ionisation effi-
ciency decresases. ENAs of about 300 eV/amu have a too low energy
to pass through a typical thin carbon foil [1]. For efficient ionisa-
tion of neutrals with energies below 1 keV, surface ionisation was
identified as the only viable technique, meeting all requirements
for implementation to an instrument on a space mission regarding
weight, volume and durability of the material [4]. The fundamental
requirements on the charge state conversion surface (CS) for this
application are high ionisation efficiency for the atomic species of
interest and a narrow spread in the angular scattering distribution
of the ionised atoms leaving the surface, both to maximise trans-
mission through the instrument. The former is given by the physical
properties of the surface material, e.g. band structure, the latter by
the surface roughness and texture, thus requiring a very smooth
surface at the atom level.
The first space mission, where a CS was  successfully applied
for ionisation of neutral atoms, was the IMAGE (Imager for
Magnetopause-to-Aurora Global Exploration) mission. There, a
polycrystalline tungsten surface was used for ionisation of

dx.doi.org/10.1016/j.apsusc.2014.05.206
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irregularities in the contour plot. However, this does not affect the
derivation of the FWHM of the scattering distribution.
94 M.B. Neuland et al. / Applied S

eutrals in the LENA (Low Energy Neutral Atom Imager) instrument
5,6]. Focused research in the field of surface ionisation for applica-
ion in space science revealed that insulators and oxides are better
uited materials than metal surfaces. In the NPD (Neutral Particle
etector) sensors in ASPERA-3 and ASPERA-4 (Analyzer of Space
lasma and Energetic Atoms) onboard Mars Express and Venus-
xpress, a multilayer surface of Cr2O3, MgF  and WO2 is used as a
tart surface. When the start surface is hit by a neutral atom, a sig-
al of secondary electrons is created to initiate the time-of-flight
easurement. The surface generating the corresponding stop sig-

al consists of MgO  coated graphite [7]. Onboard Chandrayaan-1,
 Si-surface with MgO  coating is used in the CENA (Chandrayaan
nergetic Neutrals Analyzer) sensor to detect neutral atoms from
he Moon [8]. The ENA sensor in MPPE (Mercury Plasma Particle
xperiment) onboard BepiColombo holds a Al2O3 CS to measure
he hermean plasma environment [9].

Aside from its high costs, natural diamond is a promising mate-
ial for CSs due to its chemical inertness, its durability and the
ossibility for high surface smoothness at the level of nm<rms>

oughness [4]. As an alternative, synthetic diamond, which has
he same properties at a much more favourable price, was  con-
idered. In the IBEX-Lo sensor (Interstellar Boundary Explorer), a
i-surface covered with a thin film of tetrahedral amorphous car-
on (diamond-like carbon, DLC) is used to convert ENAs into ions
10,11].

All of the CSs described before have been uniquely developed
nd fabricated for the particular space mission. This makes the
urfaces, particularly the elaborate multilayers and coatings expen-
ive, and complicated to duplicate as they have run through many
ifferent manufacturing processes and institutions.

Using surface ionisation in neutral atom imaging instruments
o date is a well-established technique, building on experience of
everal space missions. Similar instruments will be part of future
pacecrafts. The payload of the proposed MarcoPolo-R mission to
n asteroid involves a neutral particle analyser (NPA) to inves-
igate interaction of a near Earth asteroid with the solar wind
12,13], also making use of a CS. ENA maps from the IBEX mission
evealed numerous phenomena of the heliosphere/local interstel-
ar medium interaction processes, e.g. a band of intensified ENA
mission standing out from the distributed heliosperic ENA signals
14] and a two-lobe structure of the heliotail [15]. Some of these
ndings needed several years of IBEX data for being discovered,
thers indicate that ENA mapping with higher resolution would be
equired to fully understand their origin. The proposed IBEX fol-
ow up mission IMAP (Interstellar Mapping Probe) aims to map
NAs at the boundaries of the Solar System with higher sensitiv-
ty, increased angular and energy resolution and increased energy
ange compared to IBEX to advance our understanding of the global
nteraction of the heliosphere [14,16]. Both missions, MarcoPolo-R
nd IMAP, require neutral particle detectors and therefore charge
tate CSs with improved characteristics to image neutrals in space
lasmas with enhanced angular resolution and detection sensitiv-

ty.
Due to its high potential as a CS, ongoing research concentrates

n DLC surfaces [10]. Synthetic diamond generally is manufactured
ither by the pulsed laser deposition (PLD) or chemical vapour
eposition (CVD) technique. Suppliers provide from stock diamond
afers for optical, electronics, mechanics and many other appli-

ations, optionally with metal surface coating, doping or special
olishing. It can be assumed that such wafers from one manu-
acturer show good uniformity and reproducibility, which is of
igh importance, because in several neutral particle imaging space

nstruments it is required to cover large areas with the CS material,
s, for instance, 500 cm2 in case of the IBEX-Lo instrument [10].

wo CVD diamond samples from Diamond Materials GmbH [17]
re investigated in this work regarding their applicability as CSs.
 Science 313 (2014) 293–303

2. Experiment

Key parameters of charge state CSs are their ability to convert
neutral atoms into ions (ionisation efficiency) and their angular
scattering characteristics. A narrow angular scattering cone and
high ionisation efficiency are both essential to maximise the detec-
tion efficiency and transmission through a neutral particle imaging
instrument. Experiments for this work were carried out at the
Imager for Low Energy Neutral Atoms (ILENA) facility at the Uni-
versity of Bern. This test and calibration facility allows to measure
the above mentioned key properties of a CS. CSs for ASPERA-3 and
-4 and for the IBEX mission were tested in ILENA and selected or
rejected owing to their measured performance. Details on the hard-
ware, functionality and data processing of the ILENA facility have
recently been published in [18]. Therefore, only a short descripton
of the facility will be given here.

In the ILENA facility, singly charged positive ions of a defined
atom species are generated in an electron-impact ion source and
guided into the ion-optical system by a pair of deflection plates.
Beam energies in the range of 100 eV to 1400 eV are feasible. For
mass selection, the ion beam passes through a sector magnet hav-
ing a mass resolution of m/�m  ≈ 45. The ion beam is then focussed
by an Einzel lens to pass through a second pair of deflection plates
and an aperture of 1 mm  diameter before it hits the CS. The sample
is placed on a grounded sample holder that is rotatably mounted so
that an angle of incidence between 0◦ and 90◦ can be selected. Scat-
tered particles are detected by a micro channel plate (MCP) imaging
detector, which has a two-dimensional field of view of ±12.5◦. In
front of the detector, a retarding potential analyser (RPA) and an
additional grid are mounted to eliminate positive ions and low
energy electrons, respectively [18]. Fig. 1(a) displays a schematic
drawing of these main components.

Although charge state CSs are tested for their ability to neg-
atively ionise neutral atoms in a space experiment, positive ions
are used for the tests in ILENA. Positive ions can be produced with
higher efficiency than neutrals and allow good control over beam
energy and direction. Previous publications have demonstrated
that positive ions are effectively neutralised already on their incom-
ing trajectory, i.e., prior to their interaction with surface atoms
[[4,19] and references therein]. Residual positive ions, which are
not converted to neutrals, or positive ions, which are sputtered from
the CS, are excluded from detection by the RPA grid. Therefore, it
can be assumed that the results in negative ionisation yield and
angular scattering are equal for incident positive ions and neutrals.

The angular scattering is determined directly from the two-
dimensional distribution of particles recorded on the MCP detector.
Fig. 2 shows a distribution of 250 eV O+ atoms scattered from one
of the CVD diamond samples that are investigated in this work.
Fig. 2(a) displays the measured normalised angular distribution
and Fig. 2(b) the contour plot of the distribution, where the FWHM
(full-width half maximum) is indicated by a bold line. For charac-
terisation of the CS, the angular width (FWHM) of the distribution is
derived in polar (perpendicular to the CS plane) and azimuthal (in
the CS plane) direction (Fig. 1(b)) from the contour plot (Fig. 2(b)),
where the polar angle of 90◦ lies in the CS plane. Irregularities in
the distribution arround angles of 80◦ in polar and −5◦ in azimuthal
direction (Fig. 2(b)) result from the geometry of the detection unit,
because the channels of the MCPs are inclined by 8◦. Particles
arriving in exactly this angle, do not strike the walls of the first
MCP  and have thus a much lower detection probability. The lower
detection probability is corrected for by our software, but minor
misinterpretation of delimitation of the MCP  hole can lead to slight
The MCP  detector can be floated to high negative voltages to
prevent negative ions from entering the detection unit. An ILENA
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Fig. 1. (a) Schematic description of the ILENA facility [18]. (b) In ILENA, a beam of
positive ions strikes the conversion surface (CS) at an angle  ̨ of grazing incidence.
By scattering from the CS, a fraction N of the incoming atoms gets negatively ionised.
T
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Fig. 3. One ILENA measurement consists of five single measurements with alter-

F
s

he scattered beam is broadened in azimuthal and polar direction to a solid angle
.

easurement consists of five sequenced single measurements with
his voltage alternately enabled and disabled. In the beginning

f a measurement, ion optics and source emission are optimised
o a count rate of ∼5000/s on the detector. In each single mea-
urement, the MCP  signal is collected for 2 minutes, resulting in

ig. 2. Scattering of 250 eV O+ atoms from a CVD diamond surface (CVD2, see end of t
cattering distribution. The FWHM is indicated by a bold line.
nately floating the MCP  detector to a high negative voltage to measure neutral atoms
only. Example of 950 eV O+ measurement on a CVD diamond surface.

a statistics of approximately 6 × 105 counts. The total number of
counts for a typical measurement is displayed in Fig. 3. From the
difference of two  linear fits through the measurements of neutrals
only (measurements 1, 3 and 5) and negative ions and neutrals
both (measurements 2 and 4), the ionisation efficiency of the CS
is determined, defined as the ratio of negative ions to neutrals.
In this calculation, the detection efficiency of the MCP  detector
for the specific atom species and the used beam energy is taken
into account, too. Due to slow degeneration of the filament or
ion source stability in general, the countrate can slightly decrease
during one measurement (Fig. 3), but this does not affect the
measurement of the ionisation efficiency, because of the chosen
procedure.

The detection unit cannot distiguish between negative ions
resulting from sputtering processes of incident particles on the
CS and such from surface ionisation proper. For the determina-
tion of this sputtering background, noble gases are used as they
do not form stable negative ions. In magnetospheric and helio-
spheric research, the species of largest interest are H and O [4].
These atoms/molecules are used in this work, too. The sputtering

background was  measured using the noble gases He and Ne, respec-
tively, as these species have comparable masses and therefore also
the sputtering effect can be assumed to be in comparable range. All

his paragraph) at 8◦ grazing incidence (a) and contour plot (b) of the normalised
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tain potential. Consecutive measurements with 195 V He ions and
the detector floated to high negative voltage were collected for
4 h. Fig. 5(a) displays the FWHM of scattering in polar direction
over time. The FWHM decreases from 10◦ to 6.5◦ within 4 h, which
Fig. 4. AFM images of the investi

easurements were carried out at a pressure in the low 10−7 mbar
ange.

Two polycrystalline diamond samples, manufactured by chem-
cal vapour deposition (CVD) technique, from Diamond Materials
mbH [17] were investigated. These free-standing optical grade
VD diamond samples were grown using microwave-plasma-CVD
t a power of 6 kW and a frequency of 2.45 GHz. Typical growth
onditions use a temperature of 800–900 ◦C and a pressure of
50 mbar. The gas consists of 1–2% methane in hydrogen [20].
fter deposition, the diamond film is removed from the substrate
nd mechanically polished to a roughness of Ra = 1 nm<rms> as
easured with a white light interferometer [17]. The first sam-

le, refered to as CVD1 in the following, is a pure CVD diamond
isk of 10 mm diameter and (300 ± 50) �m thickness. The second
ample investigated is a CVD diamond disk of 20 mm diameter,
0 �m thickness and a Ti/Au coating on the backside, which is not
olished (product name KAIROS010). This sample will be refered
o as CVD2 in the following. Fig. 4 shows AFM images (cantilever
RUKER SNL-10, 0.12 N/m) of both surfaces, taken after extensive
easurements in ILENA. The surface roughness was measured to

e Ra = 1.34 ± 0.11 nm for the CVD1 and Ra = 1.36 ± 0.26 nm for the
VD2 surface, in good agreement with the manufacturer specifica-
ions. For measurements in ILENA, the CVD1 surface was mounted
n the grounded sample holder with two metal clips. The metallised
VD2 surface was  attached to the holder using a carbon tab (agar
cientific, leit adhesive carbon tab, G3348N).

. Results

.1. Electrostatic charging

Charge state CSs constantly provide electrons to neutralise the
ositive ion beam and for negative ionisation of incoming neutral
toms. Additionally, secondary electron emission releases elec-
rons from the surface. If the electrical conductivity of the CS is
oo low, the sample charges up positively. In space, photoelectron
mission stimulated by UV photons adds to the positive charging of
he CS. Surface charging significantly influences the process of sur-
ace ionisation and scattering. Measurements on the CVD1 surface,
n particular measurements with low energy ions (<500 eV), were
uffering from unstable count rates attributed to surface charging.
lectrical fields building up at the surface, but not being stable,

ight spontaneously release charge and therefore have a strong

nfluence on the stability of the countrate.
To confirm charging of the CVD1 surface, long duration mea-

urements were carried out with low energy ions (<400 eV) as these
 samples CVD1 (a) and CVD2 (b).

should be more sensitive to interaction with a CS charged to a cer-
+

Fig. 5. He+ ions at 6◦ grazing incidence on CVD1 sample. (a) 195 eV He+: FWHM of
angular scattering in polar direction as a function of time. (b) 390 eV He+: change in
scattering distribution in polar direction.
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ig. 6. Angular scattering distribution of 780 eV O+ on the CVD1 (a) and the CVD2 (
s  caused by electrostatic charging effects.

an be assigned to the surface charging. If the CS gets positively

harged during measurement, the incident beam of positive ions
s repelled from the surface and the distance of closest approach
ncreases. Hence, the angle of incidence and therefore the velocity

ig. 7. Negative ionisation yield of the CVD2 diamond surface for H (a) and O (b) at
◦ grazing incidence. Values of a PLD diamond surface [23] and of the IBEX CS [22]
re displayed for comparison. Data for CVD1 is affected by surface charging.
ond surface in 8◦ grazing incidence. The narrower scattering on the CVD1 sample

component normal to the surface decreases and interaction of inci-
dent atoms with the surface atoms is less severe, which results in
a narrower scattering distribution and consequently in more parti-
cles reaching the detector. Additionally, the charged surface might
have a collimating effect on the scattered beam of negative ions,
which intensifies the influence on angular scattering and count
rate.

In Fig. 5(b) the peak of the scattering distribution in polar direc-
tion, i.e., the cut along the 0◦ azimuth angle, is shown for a similar
measurement with 390 eV He+ ions after 10 and 100 min. In the
ideal case specular reflection of atoms is expected. After 10 minutes
the maximum of the distribution is situated at about 84◦, which
corresponds to a specular reflection for the angle of incidence of 6◦.
After 100 min, the maximum of the distribution is shifted by about
0.7◦ to a larger polar angle, which directly reflects the decrease of
the angle of incidence due to the incident ions being deflected by
the charged surface.

Previous research has shown that with increasing energy of
the incident particles the angular distribution of scattered atoms
broadens [9]. From theory it is known that the higher the parti-
cle energy the closer the approach of incident particle and surface
atoms, and therefore the stronger the interaction due to deeper
penetration of the incident particle into the surface atom poten-
tial [10]. The CVD1 diamond sample does not show this relation
(Section 3.3, Fig. 9(b)), which is another confirmation of the surface
charging. Fig. 6 displays the angular scatter distribution of 780 eV
O+ ions on the CVD1 (Fig. 6(a)) and the CVD2 (Fig. 6(b)) diamond
surface. At this atom energy, the angular scattering distribution
should be broadened compared to the lower energies, as it is the
case for the CVD2 surface (Fig. 6(b)). The narrow scattering distri-
bution of the CVD1 surface is attributed to electrostatic charging of
the sample, as the surface roughness and texture of both samples
are comparable (Fig. 4).

Nevertheless, despite charging, for measurements, where the
count rate stayed at least constant and did not increase or fluctu-
ate during the measurement, ionisation efficiency and scattering
angles were evaluated for the CVD1 sample for atom species with
energies >500 eV. For comparison reasons the data are included
in the result plots (Fig. 7(b) and 9(b)), but these results should be
ascribed minor importance.

Similar experiments were conducted with the CVD2 surface.

The sample did not show any indications for electrostatic charg-
ing neither in long duration runs nor for very low beam energies.
Therefore, it can be concluded that the thinner diamond bulk and
the additional metal coating on the backside sufficiently increase



298 M.B. Neuland et al. / Applied Surface

F
o

c
u

3

t
O
F
d
e
f
3

for the CVD2 sample within the measurement accuracy. Merely for

F

ig. 8. Ionisation efficiency of the CVD2 diamond sample for O+ for different angles
f  incidence.

onductivity of the CS and therefore successfully eliminate the
nwanted charging effects.

.2. Ionisation efficiency

The ionisation efficiency, defined as the fraction of negative ions
o neutrals scattered from the CS, was measured in ILENA for H and
, both species of major interest in space plasma research [21].
or the CVD2 sample measurements were taken at 8◦ grazing inci-
ence of the ions. The sputtering background was  determined by

xperiments with He and Ne atoms, respectively. This resulted in
ractions of sputtered negative ions of 1.1% to 2.5% for He and 2.2% to
.7% for Ne produced by sputtering, where the lowest values were

ig. 9. Angular scattering of hydrogen (left panels) and oxygen (right panels) in (a, b) pol
 Science 313 (2014) 293–303

accounted for lowest energies measured (150 eV) and increasing to
higher energies.

For light atomic species, the production rate in the ion source of
ILENA is poor, particularly for very low energy beams, and there-
fore reasonably high enough count rates on the detector could not
be achieved. For this reason, measurements for H below 800 eV, as
indicated in Fig. 7(a), were carried out using H molecules as these
can be produced much more efficiently. In previous publications
it was shown that H2

+ molecules can be used in scattering experi-
ments instead of a primary atomic H+ ion beam as approximately
80% of the incident H2

+ molecules will dissociate upon scatter-
ing [4]. Considering the fact that, in case of dissociation, the two
resulting atoms will not necessarily carry away exactly half of the
primary beam energy each, an error bar of 10% has been added to
the beam energy of the CVD2 data (Fig. 7(a)) for measurements per-
formed with molecules. Oxygen measurements were all performed
with atomic O+. Absolute errors on the measured fractions of neg-
ative ions are ±0.5%, which can be attributed to the measurement
accuracy of the facility [18].

For comparison, values for the ionisation yield of CSs calibrated
for the IBEX-Lo sensor from [22] and a DLC sample manufactured by
pulsed laser deposition (PLD) technique from [10,23] were added
to the plot. Both surfaces are samples of very thin diamond films
on a Si-substrate, which additionally have undergone hydrogen
termination of the diamond surface.

Fig. 7(a) displays the measured negative ionisation yield of H
for energies from 100 eV to 1 keV. After subtraction of the sput-
tering background the results show that (1.9 ± 0.5)% of incident
neutral atoms are ionised by scattering on the CVD2 surface. While
on other CSs a significant increase of the ion yield with increasing
beam energy was  observed [10,21], this effect is not clearly seen
O, a slight increase of the ionisation efficiency from (10.2 ± 0.5)%
to (12.2 ± 0.5)% is measured on the CVD2 surface within the inves-
tigated energy range (Fig. 7(b)). In Fig. 7(b) the values measured

ar and (c, d) azimuthal direction. Data for CVD1 are affected by surface charging.
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n the CVD1 surface are displayed, too. It was shown before that
his conversion surface got electrostatically charged (Section 3.1)
uring measurements. Nevertheless, for beam energies ≥500 eV,
easurements with a reasonable trend of the count rate were eval-

ated. The mean ionisation yield of O (Fig. 7(b)) is (14.1 ± 0.7)% for
he CVD1, which is about 2% higher than for the CVD2 surface at
he highest energies measured, but reliability of these numbers is
uestionable.

Negative ion fractions of the CVD2 surface are considerably
ower than ionisation yields of the PLD diamond surface and the
urfaces used in the IBEX-Lo sensor. For H e.g., the IBEX surface
xhibits ionisation efficiencies of 3% for 390 eV H-atoms rising to
% for beam energy of 500 eV, while fractions of ionised H-atoms
re about 2% for these energies on the CVD2 surface.

Published research asserts that the negative ionisation yield of
Ss is dependent on ˛, the angle of incidence. For the IBEX surfaces

t was found that with increasing angle of incidence, i.e., higher par-
icle velocity normal to the surface plane, the ionisation efficiency
ncreases [22]. For investigation of this relation, measurements of
he ionisation efficiency of the CVD2 diamond surface for O+ at four
elected beam energies were carried out at angles of incidence of 6,
0, 12 and 15◦ in addition to the extensive set of measurements at
◦. The results, displayed in Fig. 8, show clearly an increasing trend
f the ionisation efficiency with larger angles of incidence, exceed-
ng 13% for 500 eV O+ incident in 15◦. Values for the higher beam
nergies are not displayed for angles of 12◦ and 15◦ as the FWHM of
he angular scattering distribution in azimuthal direction exceeded
he detector viewing angle.

.3. Angular scattering

The angular distribution of H+ and O+ ions, scattering off the two
VD diamond surfaces at an incidence angle of 8◦, was measured

n the ILENA facility. The scattering distributions are analysed sep-
rately in polar and azimuthal direction (Figs. 1(b) and 2). Fig. 9(a)
nd (b) show the scattering distribution width in polar direction for

 and O, respectively. In Fig. 9(c) and (d) the FWHM in azimuthal
irection is displayed for both gases. Data of the PLD diamond [23]
nd the IBEX surface [22] are shown for comparison. Where mea-
urements were carried out with molecules instead of atoms, an
rror bar of 10% is added to the beam energy to take into account
hat in dissociation processes the resulting atoms might not carry
way exactly half of the primary beam energy each. This is the case
or the PLD and IBEX data, and for the CVD2 for H measurements
ith beam energies below 800 eV, as indicated in Fig. 9(a).

The general trend of an increasing FWHM with increasing beam
nergy is evident from all plots in Fig. 9. For H, the measured scat-
ering angles in polar direction for the CVD2 are comparable to the
ata of the PLD diamond surface for the few reference values avail-
ble (Fig. 9(a)). For O, in polar direction, the CVD2 performs better
han the PLD surface, i.e., reveals smaller scattering angles, and is
omparable to the IBEX numbers (Fig. 9(b)). In Fig. 9(b), data of the
VD1 diamond surface are displayed, too. The measured scattering
ngles of the CVD1 are significantly lower than for the other sur-
aces and do not increase with larger beam energies. This finding
an be explained by electrostatic charging of the sample (Section
.1), which lead to deflection and focussing of the scattered beam
f negative ions, also for beam energies above 500 eV.

The azimuthal FWHM of the scattering distribution from the
VD2 diamond surface is significantly narrower compared to the
arlier samples for both test gases (Fig. 9(c) and (d)). For H atoms,
he distribution width in azimuthal direction of the PLD surface

eaches 22◦ at 390 eV, whereas for the CVD2 surface the numbers
tay below 20◦ even for beam energies of 1 keV (Fig. 9(c)). For O,
he FWHM in azimuthal direction of the CVD2 sample is about 2◦

195 eV) to 6◦ (500 eV) lower than the values of the IBEX surface
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(Fig. 9(d)). The difference is even more distinct when comparing to
the PLD diamond.

In Fig. 9 it stands out that the trend of increasing FWHM in polar
and azimuthal direction with increasing beam energy shows a dif-
ferent behaviour for H than for O measurements. For H, the rise of
the FWHM is steeper at low energies and turns into a plateau at
about 400 eV for the CVD2 sample. Due to the higher density of the
data points for the CVD2 surface, the trend is more evident for this
sample, but is also compatible with the PLD reference data, where
polar direction the plateau might be reached at higher beam ener-
gies, where no reference data are available. The same applies in
azimuthal direction, where the limits of the detector viewing angle
are reached at 200 eV for the PLD sample. On the contrary, for O the
angular spreads show a linear increase with energy, where merely
the slopes differ from each other for the different samples. E.g. the
increase of the FWHM with increasing beam energy in azimuthal
direction is steeper for the IBEX than for the CVD2 surface. The
slope of the initial increase of angular scattering in polar as well as
in azimuthal direction for O resembles the data for H for the CVD2
sample more when plotted against atom velocity perpendicular to
the surface. Nevertheless, angular scattering is shown as a function
of atom energy, because this is the parameter of interest in space
research. If for O a plateau like for H is reached, it probably appears
at a beam energy E ≥1600 eV, which exceeds the feasible energy
range of the ILENA facility.

We found a clear correlation of the angular scattering and the
angle of incidence. Fig. 10(a) displays the angular scattering distri-
butions of 390 eV O+ ions on the CVD2 diamond surface for angles
of grazing incidence of  ̨ = 6, 8, 10 and 12◦. With increasing ˛, the
scattering distribution significantly broadens. A steeper angle of
incidence is equivalent to a higher velocity perpendicular to the
CS plane. Fig. 10(b) shows the angular scattering of O+ and Ne+

atoms (390, 500, 780 and 1000 eV,  ̨ = 6, 8, 10, 12, 15◦) on the CVD2
surface as a function of the atom velocity perpendicular to the CS.
With increasing perpendicular velocity, thus larger energy or larger
impact angle, the particle probes the CS potential at a deeper level
and is stronger affected by the surface corrugation, which leads to
an increase of scattering [22]. In Fig. 10(a) it can be seen that the
scattering distribution is nearly circular for smaller angles of inci-
dence and becomes elliptic with increasing ˛. This can be explained
by the fact that a further expansion of the scattering in polar direc-
tion is restricted by the CS plane, which is equal to 90◦ polar angle.

4. Discussion

4.1. Electrostatic charging

Measurements on the CVD1 surface (pure CVD diamond,
300 �m thick) showed indications of electrostatic charging of the
sample, i.e., a fluctuating or increasing countrate during measure-
ments in ILENA. Charging of the CS was identified by a significant
decrease of the scattering distribution width and a shift of the
distribution maximum during long duration measurements. Both
phenomena can be explained by the CS getting positively charged
by releasing electrons to ionise incoming neutral atoms and addi-
tional emission of secondary electrons. Incoming positive ions are
then deflected from the nominal point of impact on the surface to
a point further downstream and thus scattered with lower impact
angle. This decrease of the angle of incidence is also observed as
a shift in polar direction of the scattering distribution maximum
(Fig. 5(b)). A smaller angle of incidence also implicates a narrower

scattering distribution (Fig. 10(a)). Additionally, the charged sur-
face will have ion-optical focussing and deflection effects on the
negative ions scattering off the surface. Such effects can also lead to
a narrow scattering distribution and to an increase in the countrate.



300 M.B. Neuland et al. / Applied Surface Science 313 (2014) 293–303

F  for fo
a ngles 

F
i
w
d
r
(
a

a
h
H
i
s
c
p
r
c
d
C
b
e
y
(
T
t
f
t

s
t
t

means that the thinner diamond bulk (20 �m)  and the additional
metallic coating (Ti/Au) on the backside lead to a sufficient electrical
conductivity.
ig. 10. (a) Scattering distributions of 390 eV O+ ions on the CVD2 diamond surface
nd O+ on CVD2 surface. Data for atom energies of 390, 500, 780 and 1000 eV and a

rom the decrease of the FWHM in polar direction and knowing the
nfluence of the angle of incidence on the polar FWHM (Fig. 10),

e estimated the CVD1 surface charging up to potentials of 1–2 V,
epending on the experiment conditions (energy of He+ atoms, cur-
ent, measurement duration). E.g. for the case displayed in Fig. 5(a)
195 eV He+) the potential of the CVD1 surface after 4 h was  evalu-
ted to ∼1.8 V.

Nevertheless, for atoms ≥500 eV, scattering distribution width
nd ionisation efficiency of the CVD1 surface were evaluated as
igher energetic atoms should be less affected by charging effects.
owever, comparison of the results of angular scattering and ion-

sation yield for CVD1 to the sufficiently conductive CVD2 sample
howed that even a higher energetic ion beam is affected by the
harging effects. Although the surface roughness of the two  sam-
les is in a comparable range (Fig. 4), the scattering distributions
esulting from the CVD1 diamond surface appear to be signifi-
antly narrower. For the scattering of 500 eV O+, the FWHM in polar
irection is found to be about 4◦ smaller on the CVD1 than on the
VD2 surface (Fig. 9(b)). Because the scattering distribution was  not
roadened with increasing beam energy on the CVD1, this differ-
nce rises to a 8◦ narrower FWHM at 1 keV (Fig. 9(b)). The ionisation
ield of the CVD1 was found to be about 2% higher than for the CVD2
Fig. 7(b)), although the bulk material of both samples is the same.
he reason for this difference is the charging of the CVD1 surface
hat affects the negative ions scattering off the surface and there-
ore falsifies the difference between measured neutrals and ions in
he detection unit, from which the ionisation efficiency is deduced.
These experiments demonstrate that in surface ionisation and
cattering experiments, results of very narrow scattering distribu-
ions should be treated with caution and have to be proven for
heir reliability. An increasing countrate during the measurement
ur different angles of incidence. (b) FWHM in azimuthal and polar direction for Ne+

of incidence of 6, 8, 10, 12 and 15◦ are displayed.

is a first indicator for electrostatic charging and careful observation
of the scatter distribution in long duration measurements clearly
reveal the insufficient conductivity of a CS. However, no electro-
static charging effects were observed for the CVD2 sample, which
Fig. 11. FWHM of the angular scattering distribution in polar versus azimuthal
direction for H and O for the CVD2 diamond surface and two reference surfaces,
all at 8◦ incidence angle. The dashed line indicates a circular scattering cone. The
number labels specify the beam energy in [eV].
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ig. 12. (a) Figure of merit (FoM) for O+ incident in 8◦ on the CVD2 diamond surfac
iamond surface in various angles of incidence. Lines are added to guide the eye.

.2. Ionisation efficiency

The ionisation efficiency of the CVD2 diamond surface was
easured for H and O at 8◦ grazing incidence and compared to

he values of a PLD diamond surface [23] and the IBEX CS [22].
hile for the reference surfaces, the ionisation efficiency for H

ncreases from 2.4% (at 200 eV) to 3.1% (IBEX) or even 4.7% (PLD) (at
00 eV), ionisation is constant within the resolution of the measure-
ent with a value of (1.9 ± 0.5)% on average for the CVD2 surface

Fig. 7(a)). For O, we see a small increase of ionisation efficiency
rom (10.2 ± 0.5)% to (12.2 ± 0.5)% over the measured energy range
rom 150 eV to 1 keV (Fig. 7(b)). These values are considerably lower
han the numbers of the reference surfaces. However, for CSs in
pace applications, a common requirement is a negative ionisation
ield exceeding 1% for all species [4]. This requirement is well met
y the CVD2 surface for H and O. Furthermore, the reduced energy
ependence of the ionisation yield can be of advantage in terms of
alibration of a neutral atom sensing instrument.

By additional measurements at angles of incidence  ̨ = 6, 10, 12
nd 15◦ it was confirmed that the ionisation efficiency increases
ith larger  ̨ (Fig. 8). On the other hand, the scattering distribu-

ion broadens with increasing particle velocity perpendicular to
he surface, hence larger angle of incidence  ̨ (Fig. 10). Therefore

easurements at higher beam energies (780 eV, 1 keV) could not be
valuated at  ̨ = 15◦, because the scattering distribution exceeded
he detector viewing angle in azimuthal direction. This indicates
hat for the design of an energetic neutral atom instrument for
pace application, the angle of incidence has to be optimised con-
idering ionisation yield and angular scattering.

.3. Angular scattering

Scattering on the CVD2 diamond surface was analysed in detail
or H- and O-atoms incident on the CS at an angle of 8◦. Within the
nvestigated energy range of 150 eV to 1 keV we  found an increase
f the FWHM of the scattering distribution in azimuthal and polar
irection (Fig. 9).

For measurements with H+, the increase of FWHM in both angu-
ar directions shows a steep increase at low beam energies, reaching

 constant value of ∼13.5◦ in polar and ∼19◦ in azimuthal direction
t about 400 eV (Fig. 9(a) and (c)). The increase of FWHM in polar
irection is comparable to the PLD diamond surface from [23]. On
he contrary, in azimuthal direction, the CVD2 sample performs
onsiderably better, thus showing a FWHM that is 3◦ (at 500 eV) to
◦ (at 95 eV) smaller than for the reference samples.
For O+ measurements, the FWHM in both directions shows a
inearly increasing trend with increasing particle energy (Fig. 9(b)
nd (d)). In polar direction, the results are comparable to the num-
ers of the IBEX surface. In azimuthal direction, the CVD2 surface
 values from [23,22] for comparison. (b) FoM for measurements of O+ on the CVD2

reveals a narrower scattering distribution. The measured FWHM
are ∼2.5◦ (at 195 eV) and 6◦ smaller (at 500 eV) than the numbers
of the IBEX CS.

In general the FWHM of the scattering distribution from a CS
is larger in azimuthal than in polar direction, because the latter is
restricted by the scattering geometry. Fig. 11 displays the FWHM
of the scattering distribution in polar versus azimuthal direction
for scattering of H+ and O+ from the CVD2 diamond surface (at 8◦

grazing incidence). Values of the PLD diamond [23] and the IBEX
surface [22] are shown for comparison. The numbers beside the
markers denote the beam energy in [eV]. The dashed line indicates
a circular scattering cone. It can be seen that all measured scattering
distributions of the CVD2 diamond surface are closer to a circular
geometry than values of the reference surfaces. The deviation from
the dashed line increases to higher particle energies. This effect is
larger for light atom species (H+) than for heavier ones (O+).

Beside small scattering angles in general, a more circular scat-
tering distribution is advantageous for the ion-optical transmission
of a neutral particle imaging instrument. Often, the angular scat-
ter in azimuthal direction drives the size of the ion-optical system
(e.g. see [24]), hence, a large spread of the distribution in azimuthal
direction results in particle loss. Broadening in azimuthal direc-
tion is therefore of concern in neutral particle imaging instruments,
as the emittance from the surface has to match the acceptance
of the ion-optical system. Naturally, a narrow symmetrical beam
is favourable for subsequent ion guiding and focussing ion-optics.
Accordingly, smaller scattering angles of the CS are advantageous
for high angular resolution of the instrument. From this point,
the measured scattering angles of CVD2 diamond surface are very
promising, particularly with a view towards future space missions
like IMAP, where high angular resolution ENA mapping is the goal.

4.4. Figure of merit

Crucial parameters for a CS in a neutral atom imaging instrument
are the angular scattering and the ionisation efficiency. Both param-
eters were measured on a CVD diamond surface in ILENA for H and
O. In comparison to reference samples from previous publications,
the CVD2 diamond sample showed a lower ionisation efficiency
(Fig. 7), which is disadvantageous, but on the other hand showed
a narrower scattering cone (Fig. 9), which is beneficial for a higher
transmission of ions through a neutral atom imaging instrument.
For evaluation of how these two  parameters can counterbalance
each other in terms of instrument performance, we defined a fig-
ure of merit (FoM). On a CS, the incident beam is scattered into a

solid angle  ̋ (Fig. 1(b)). Let F [%] be the fraction of the hemispher-
ical solid angle above the CS, that is covered by ˝.  The figure of
merit then is defined as the ionisation efficiency [%] devided by F,
which gives a unitless number that, preferably, should be large.
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Fig. 12(a) displays this FoM for measurements with O+ ions inci-
ent in an angle of 8◦ on the CVD2 diamond surface. For comparison,
oM values of the IBEX and the PLD diamond surface are dis-
layed. For all samples, the FoM decreases to higher beam energies
s the angular scattering increases and apparently the increas-
ng ionisation efficiency cannot compensate for that. However, it
an be seen from Fig. 12(a) that the CVD2 diamond surface has a
erformance similar to the IBEX surface. Both surfaces possess a
learly higher FoM than the PLD diamond surface. The CVD2 sur-
ace showed a considerably lower ionisation effiency than the IBEX
urface (Section 3.2), but this consideration of a FoM demonstrates
hat narrower scattering distributions of the CVD2 sample can bal-
nce the smaller ionisation efficiencies and therefore maximise
ransmission through the instrument.

For larger angles of incidence we observed an increase of the
onisation efficiency for the CVD2 sample (Fig. 8). However, the
oM decreases for larger angles of incidence due to the significant
ncrease of scattering (Fig. 10). This relation is shown in Fig. 12(b),

here the FoM is displayed for different angles of incidence. Lines in
his figure are added to guide the eye only. The FoM is even larger
t 6◦ grazing incidence than for 8◦ due to the very narrow scat-
ering distributions. This analysis suggests that for minimisation
f particle loss in a neutral atom imaging instrument, the instru-
ent should be designed for small angles of incidence preferably.

imilar conclusions are reported in [25]. After all, the possibilities
or such optimisations depend on the requirements of instrument
imensions and weight.

. Conclusion

We  measured the key characteristics of two CVD diamond sam-
les from Diamond Materials GmbH [17] for serving as a charge
tate CS in a neutral atom imaging instrument for a space mission.
oth samples are delivered from stock and no additional proce-
ures like sample coating, polishing or other treatment is needed.
his is of advantage as it implicates availability and reproducibility
f the diamond surfaces. Key parameters of a CS, that are ionisa-
ion efficiency and angular scattering, were measured in the ILENA
acility for the species H and O.

It was found that the first sample, a pure CVD diamond of
00 �m thickness (CVD1), becomes electrostatically charged dur-

ng the surface ionisation experiments, thus it has a too low
lectrical conductivity for the desired application. The second sam-
le, a thinner CVD diamond surface of 20 �m thickness and Ti/Au
oating on backside (CVD2), did not show any signs of electrostatic
harging. For this CVD diamond surface, ionisation efficiency for H-
nd O-atoms and the scattering distributions were analysed, both
or energies of the incident particles in a range from 100 eV to 1 keV
nd for various angles of incidence.

Compared to published research, i.e., the CS used in the IBEX-
o sensor [22] and a PLD diamond surface [23], the CVD2 surface
evealed lower ionisation yields. Furthermore, these ionisation
ields appeared to be less energy dependent. The former is not of
reat concern as all measured ionisation yields are >1%, a common
equirement for a CS in space application [4]. The latter can be of
dvantage in terms of simplification of instrument calibration.

We observed favourable angular scattering characteristics for
he CVD2 surface. The scattering distributions in polar direction
ere found to be in comparable range or better than the reference

urfaces. In azimuthal direction, without exception, the CVD2 sur-
ace showed narrower scattering distributions than the reference

urfaces, resulting in scattering closer to circular shape. The design
f a neutral particle instrument is, among others, directed by the
article scattering in polar direction. A spread in azimuthal direc-
ion therefore implies particle loss, which would be avoided by the
 Science 313 (2014) 293–303

attribute of more circular scattering distributions of the CVD2 sur-
face. A narrow and symmetrical particle beam is convenient for ion
beam focussing and guiding optics subsequent to the surface ioni-
sation process and beneficial for matching the CS emittance to the
ion-optical acceptance, all very important factors especially when
aiming for ENA mapping with high sensitivity.

A figure of merit (FoM) was  defined to analyse how the good
angular scattering characteristics of the CVD2 surface can com-
pensate for the weaker ionisation efficiency. Based on the FoM,
at an angle of incidence of 8◦, the CVD2 surface is equivalent to
the surface used in the IBEX-Lo sensor. We  found, in agreement
with published research, that the ionisation efficiency of the CVD2
sample can be enhanced by increasing the angle of incidence. Nev-
ertheless, the FoM is decreasing for larger angles of incidence due
to considerable broadening of the scattering distribution. On the
contrary, the FoM increases for even smaller angles of incidence.

The results of this study suggest that neutral atom imaging
instruments, if possible, should be designed for grazing angles of
incidence on the CS to use the full potential of narrow scattering
distributions. The CVD2 surface, a standalone CVD diamond sur-
face from stock, exhibits high potential for a CS in a neutral particle
instrument on future space missions, e.g. the IMAP mission [16].
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