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ABSTRACT
Scientific detection and imaging instruments for low-energetic neutral atoms (ENA) onboard spacecraft require thorough pre-flight labora-
tory calibration against a well-characterized neutral atom beam source. To achieve this requirement, a dedicated test facility is available at the
University of Bern, which is equipped with a powerful plasma ion source and an ion beam neutralization stage. Using surface neutralization,
low-energy neutral atom beams of any desired gas species can be produced in the energy range from 3 keV down as low as 10 eV. As the
efficiency of the neutralization stage is species and energy dependent, the neutralizer itself needs to be calibrated against an independent
reference. We report on the calibration and characterization of this neutral atom beam source using our recently developed Absolute Beam
Monitor (ABM) as a primary calibration standard. The ABM measures the absolute ENA flux independent of neutral species in the energy
range from 10 eV to 3 keV. We obtain calibration factors of a few 100 cm−2 s−1 pA−1, depending on species at beam energies above about
100 eV, and a power-law decrease for energies below 100 eV. Furthermore, the energy loss of neutralized ions in the surface neutralizer is
estimated from time-of-flight measurements using the ABM. The relative energy loss increases with ENA energy from low levels near zero up
to 20%–35% at 3 keV, depending on atomic species. Having calibrated our neutral beam source allows for accurate calibration of ENA space
instruments.
© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0140759

I. INTRODUCTION

Remote observation of plasma populations using energetic neu-
tral atoms (ENA) onboard spacecraft is an established observation
technique in space and planetary science.1 This is owed to the pro-
duction mechanism of an ENA in space: an energetic ion exchanges
its charge with an ambient neutral atom. In interplanetary space,
when particle–particle collisions are negligible, the resulting ENA
is no longer affected by electric or magnetic fields so that the newly
created ENA leaves its region of origin with the energy, velocity, and
direction of the parent ion. ENA imaging thus allows us to study
extended plasma regions in space, e.g., planetary magnetospheres or
the heliosphere, from a remote vantage point.2

Specifically, the Interstellar Boundary Explorer (IBEX) mis-
sion by NASA3 remotely explores interactions between the solar
wind and the interstellar medium at the heliopause using two ENA
imaging instruments, IBEX-Lo4 and IBEX-Hi.5 All-sky mapping of
heliospheric ENA (mainly hydrogen and oxygen, but also helium
and deuterium) at a wide range of energy bands has led to a much

deeper understanding of the general physical properties of our helio-
sphere. For instance, it has led to the discovery of the unanticipated
“IBEX ribbon”6–8 of the heliosphere. After 15 years of successful
operation of IBEX covering more than one full solar cycle, solar cycle
effects in the heliosphere can be studied.9 The successor Interstel-
lar Mapping and Acceleration Probe (IMAP)10 mission is scheduled
for launch in early 2025. It will further extend our understanding
of the heliosphere and its interaction with the interstellar medium.
Three ENA instruments covering complementary energy ranges are
included in IMAP’s suite of ten scientific instruments, to analyze
heliospheric ENA and interstellar neutral atoms (ISN). ENA imag-
ing and analysis instruments have also been flown successfully on
several other planetary missions (see Ref. 11 and references therein).

Scientific instruments for ENA detection and analysis must
include an efficient ionization method, suitable for application in a
space instrument, of the incident neutral atoms prior to their mass
and energy analysis by ion-optical means.1 ENA above an energy
threshold of about 1 keV can be ionized by stripping off an elec-
tron in letting them pass through a micrometer-thin carbon foil.12
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This ionization technique is applied, among others, in the IBEX-Hi
instrument.5

At lower energies, particle transmission through the foil
strongly decreases, so an alternative ionization method must be
applied. To date, the widest applied ionization method for low-
energy ENA that is also suitable for space applications is via grazing-
incidence angle surface scattering.1 Among the most efficient and
widest applied charge-conversion surface (CS), materials in space
instrumentation are aluminum oxide (Al2O3)13 and diamond-like
carbon (DLC) materials;14,15 however, several other materials have
been characterized experimentally and shown suitable as well (see
Ref. 16 and references therein).

The applied ionization method, negative ionization via surface
scattering, inherently introduces some angular spread of the ionized
atoms as well as a reduction in their kinetic energy due to the surface
interaction. Both effects depend on atomic species, incidence angle,
and ENA energy. This may affect the overall instrument throughput
and analysis. Like other instruments, low-energy ENA instruments
rely on thorough laboratory calibration against a well-characterized
neutral atom beam source. Substituting the ENA beam with an ion
beam would greatly simplify the calibration preparations and pro-
cedure, as ion beams can be prepared and characterized much easier
by standard means. However, this is not feasible for low-energy ENA
instrument calibration, as low-energy ions are affected by electric
fields inside the ENA instrument.

II. LABORATORY SETUP
An overview of the experimental setup is shown in Fig. 1 and

is briefly described in the following. The entire experiment setup is
described in more detail in Gasser et al. (2022).11

The MEFISTO calibration facility17 at the University of Bern
is used for laboratory calibrations of scientific ion and ENA imag-
ing space flight instrumentation. Originally designed and built for
solar wind experiments, the large MEFISTO vacuum test chamber is
equipped with a powerful microwave-heated plasma ion source18–20

and subsequent ion-optical system to produce a collimated beam
of positive ions from any desired gas species and guide it into the
main vacuum chamber (Fig. 1, left). The calibration campaign of
the IBEX-Lo instrument was carried out in MEFISTO,4 and the
IMAP-Lo instrument will be calibrated here as well. The IMAP-Lo

calibration campaign will include H, He, O, Ne, and D calibrated
ENA beams in the energy range of 10 eV to 1 keV.

The necessary low-energy ENA beams are produced by con-
verting a 3 keV ion beam using surface neutralization at grazing
incidence angle. For this purpose, a surface neutralizer21 is installed
in front of the ion beam entrance into the vacuum chamber (Fig. 1,
center). The ion beam enters the neutralizer and is decelerated by
floating the neutralizer to an electrical potential of up to 3 kV.
The energy Eion/q of the ion beam striking the neutralizing tung-
sten single crystal surface is set by adjusting the float high volt-
age in combination with a 20○ electrostatic analyzer (ESA) in the
neutralizer,

Eion

q
= Uextr −Ufloat = keff ⋅UESA.

The effective neutralizer ESA constant is keff =̃ 10, and −UESA
and +UESA are the bias voltages applied to the inner and outer ESA
electrodes, respectively.

After on-surface neutralization, remaining positive and con-
verted negative ions are removed from the scattered beam by two
electrostatic deflection plates. These plates are sawtooth baffled to
enhance the absorption of ions out of the beam path and prevent
neutralized atoms from being reflected towards the exit aperture.
The neutral atom beam is collimated through a 16 × 16 mm2 exit
aperture, resulting in an angular beam spread of approximately
±5.5○ in horizontal and ±4○ in vertical extent. The surface neu-
tralizer is mounted on a two-axis linear translation stage, which
allows for precise positioning of the neutralizer entrance aperture
with respect to the ion beam in the plane perpendicular to the ion
beam axis. This is important because the ion beam location may vary
with the plasma conditions in the ion source and the optimization of
the ion beam path.

The beam neutralization process using a neutralizing surface
causes a reduction of the beam energy and an increase in the neutral
beam angular divergence. This implies that the produced ENA beam
exiting the neutralizer needs to be characterized separately. Until
recently, the neutral beam flux was determined using a standard par-
ticle detector such as an MCP detector. The accuracy of the neutral
atom flux measurement is, however, limited by the knowledge of
the detector’s detection efficiency for neutral atoms at the energies
of interest. To improve on this problem, we recently developed an

FIG. 1. Scheme of the experimental setup of the MEFISTO calibration facility: on the left, the plasma ion source and ion-optical system; in the center, the surface neutralizer;
and to the right, the absolute beam monitor. Units are shown at different scales.
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Absolute Beam Monitor (ABM),11 which allows us to experimentally
determine the absolute neutral atom flux Fn from the neutralizer
without relying on prior knowledge of detector efficiencies.

Aside from the primary ion beam energy and species, the
actual ENA beam intensity largely depends on the ion beam inten-
sity from the ion source, which is strongly affected by the detailed
plasma conditions in the ion source and is subject to optimization
of the downstream ion-optical system. Consequently, the inten-
sity of the ion beam into the neutralizer varies from day to day
and may also vary during operating time. We keep track of these
ion beam intensity variations by real-time monitoring the current
recorded on the neutralizer surface used for beam-neutralizing using
a pico-amperemeter installed in the neutralizer itself.

We verified that the neutral atoms flux into the chamber, for
a given species and beam energy, is proportional to the neutral-
izer surface current. This is justified because in particle scattering
surface interactions at grazing incidence angles, the fraction of neu-
tralized ions and the angular scatter distribution vary with incident
ion energy, species, and incidence angle but are not observed to
deviate from proportionality with ion beam intensity. Since the neu-
tralizer surface is a tungsten metal surface, even high ion intensities
will not lead to surface charging. To calibrate the neutralizer, we
relate the ENA flux Fn out of the neutralizer measured by the ABM
to the neutralizing surface current Incs measured in the neutralizer
itself. The surface current Incs then serves as a secondary reference
during the ENA instrument calibrations and converts to the ENA
flux by a calibration factor,

CF(Eion) = Fn/Incs,

as a function of the ion beam energy Eion for a set of ion species of
interest. For example, for a neutralizer surface current of Incs = 1 nA,
the calibration factor CF = 1000 s−1 cm−2 pA−1 corresponds to a
neutral atom beam flux of Fn = 106 s−1 cm−2 in the test chamber.
With the ABM, we measure the absolute neutral atoms flux locally
in the test chamber, as described in Ref. 11.

We calibrated the MEFISTO laboratory neutral beam source
for a set of atomic species of particular interest in regard to the
IMAP-Lo calibration campaign using the ABM as an independent
primary calibration standard.

III. RESULTS AND DISCUSSION
A. Absolute neutral atom flux

In Figs. 2–6, the calibration factor CF as determined from the
ABM flux and simultaneous neutralizer surface current measure-
ments is plotted as a function of the primary ion beam energy
for hydrogen, helium, deuterium, oxygen, and sulfur atom beams,
respectively. The measured data were fitted with a three-parameter
Weibull distribution function,11

f (x) = a(1 − exp (−(x/b)d
)), (1)

where a represents the asymptotic CF at high energies, b represents
the roll-over energy (see below), and d represents the power-law
exponent at low energies. This fit function was chosen because it
represents the measured data well but without derivation or direct
physical interpretation. Above characteristic roll-over energy of

FIG. 2. Calibration factor (CF = Fn/Incs) for hydrogen in the ion energy range from
10 eV to 3 keV.

around 100 eV, the ENA flux out of the neutralizer does not depend
on ion energy and is proportional to the neutralizer surface current.
Below this roll-over energy, the measured data show a power-law
relationship between the CF and primary ion energy, depending
on the ENA species. The ion beam has a finite temperature, i.e.,
an angular divergence. Upon deceleration, this angular divergence
grows, and when it exceeds, the acceptance of the energy analyzer in
the neutralizer the transmission is reduced accordingly. This results
in the power-law decline of the signal below the roll-over energy.

The primary contributions to the measurement uncertainty of
the CF in the low-energy range are the low coincidence counting
statistics from the ABM. The uncertainty in the energy results from
the limited accuracy of the voltage difference between the neutralizer

FIG. 3. Neutralizer calibration factor for deuterium in the energy range from 30 eV
to 3 keV.
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FIG. 4. Neutralizer calibration factor for helium in the energy range from 10 eV to
3 keV.

float potential, ion-source extraction voltage, and the plasma poten-
tial of the ion source. This difference defines the ion energy on the
neutralizer surface. The relative scatter of data points is attributed
to the overall system alignment accuracy, which comprises the opti-
mized ion beam path from the source through the ion-optical system
to the neutralizer and the ABM: An important step in the opera-
tion procedure of the MEFISTO calibration facility together with
the neutralizer is optimizing the ion-optical beam path from the ion
source to the test chamber. The optimal setting can vary slightly over
time during operation. Thus, the neutralizer is positioned via a two-
axis stepper motor YZ-stage to the actual ion-beam axis. Resulting in
small variations in the beam incident position and direction into the
neutralizer can cause some variation in its overall beam conversion

FIG. 5. Neutralizer calibration factor for oxygen in the energy range from 15 eV to
3 keV.

FIG. 6. Neutralizer calibration factor for sulfur in the energy range from 40 eV to
3 keV.

efficiency, which reflects in the relative scatter of calibration factor
data points.

B. Energy loss in the neutralizer
In the ABM, time-of-flight (ToF) spectra of coincident start

and stop events were recorded for ENA species H, D, He, O, and
Ne at energies of the primary ion beam into the neutralizer from
3 keV down to 100 eV. From the peaks in the ToF spectra, the mean
energy Etof of neutral atoms scattered off the ABM start surface was

FIG. 7. ENA kinetic energy obtained from ABM ToF spectra as a function of the
primary ion energy into the neutralizer for atomic species H, D, He, O, and Ne.
The dashed line indicates the hypothetic case of surface scattering without energy
loss.
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FIG. 8. Fraction of kinetic energy lost at the W surface in the neutralizer for
hydrogen atoms.

retrieved by finding the center of the ToF peak by means of a Gaus-
sian fit.11 The results are shown in Fig. 7; the dashed line indicates
the situation if no kinetic energy loss did occur on the scattering sur-
face, i.e., Etof = Eion. The standard error of the mean of the neutral
atoms’ kinetic energy represents the uncertainty in determining the
mean energy from the ToF spectra. The half-width at 95% of the
maximum of the Gaussian fit was taken as an estimate for the stan-
dard error of the mean of the measured energy distributions. It is
the accuracy with which we can determine the peak location in the
energy distribution.

FIG. 9. Fraction of kinetic energy lost at the W surface in the neutralizer for
deuterium atoms.

Figure 7 illustrates that over the full energy range, the reduction
in kinetic energy tends to be more pronounced for higher atomic
mass, except for the noble gas neon, for which the results are com-
parable to hydrogen. However, Ne spectra have just been evaluated
down to 1000 eV due to a low peak signal and comparably high
background in the spectra.

On their trajectory through the neutralizer and into the ABM,
the atoms that generate a signal in the ToF peak were scattered at
a polished W surface twice: once on the neutralizing surface in the
neutralizer and once on the ABM start surface (SS). Assuming that
the atoms’ kinetic energy reduces by the same fraction at each sur-
face, we obtain the relative energy loss per surface interaction as
given in Eq. (10) in Ref. 11. The results are shown in Figs. 8–12,
respectively, for H, D, He, O, and Ne. A log-linear two-parameter fit
[y(x) = b ⋅ ln(x) − a] was added to guide the eye. The fit represents
the measured data reasonably well at beam energies above 100 eV
(above 300 eV for deuterium).

The results presented in Figs. 8–12 show that a considerable
fraction of kinetic energy is lost in the interaction with the neu-
tralizing surface. At energies above 100 eV, the relative energy loss
increases monotonically with primary ion energy from just a few
percent to 20%–35% at 3 keV depending on atomic species. The frac-
tion of energy lost tends to increase with atomic mass and is highest
for oxygen among the measured atomic species.

During the instrument calibration of IBEX-Lo, the fraction of
energy loss at the instrument conversion surface was determined
based on the discrepancy between the instrument energy step and
the set beam center energy (see Fuselier et al.,4 Sec. 3.9 and Fig. 18).
At energies from 100 eV to 2 keV, the fraction of energy lost
was found to be4 about 15%–30% for H and between 35% and
50% for O, with relative error bars (+0.68, −0.34). Those values
were clearly higher than the 15% relative energy loss estimated
before the IBEX-Lo calibration campaign but still agreed within the
uncertainty range.

FIG. 10. Fraction of kinetic energy lost at the W surface in the neutralizer for helium
atoms.
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FIG. 11. Fraction of kinetic energy lost at the W surface in the neutralizer for oxygen
atoms.

In comparison, the ABM measured data for hydrogen shown in
Fig. 8 amount to a lower energy loss at the surface interaction, i.e.,
less than 10% at energies below about 400 eV but still up to 25% at
the highest measured energies. For oxygen (see Fig. 11), we obtained
values about 10%–20% lower than in Ref. 4. Note, however, that the
IBEX-Lo CS were DLC coated Si wafers (in contrast to W single crys-
tal in the neutralizer and in the ABM) and that the CS is installed
at 15○ nominal incidence angle in IBEX-Lo. Both differences could
explain part of the larger energy loss derived from IBEX-Lo conver-
sion surfaces. Overall, those results are still in agreement with the
ones shown here considering the uncertainties.

FIG. 12. Fraction of kinetic energy lost at the W surface in the neutralizer for neon
atoms.

Based on the available data at low energies and the observed
general trend, we expect the relative energy loss not to exceed 5% for
H, D, and He at beam energies below 100 eV.

IV. SUMMARY
The low-energy neutral atom beam source in the MEFISTO

laboratory17 at the University of Bern was calibrated using the Abso-
lute Beam Monitor11 by relating the measured absolute neutral atom
flux to the neutralizer surface current Incs.21 With the derived cal-
ibration factors for the energy range and species of interest, the
ENA flux available during calibration can be determined by real-
time monitoring of the current on the neutralizer surface, Incs, and
converting it to the ENA flux with the presented calibration. This
work was done for the upcoming calibration campaign of the IMAP-
Lo instrument. The results will also be valuable to calibrate other
future ENA instruments.

Moreover, the ABM ToF spectra allowed us to determine
the mean fraction of ENA kinetic energy lost at the neutral-
izer surface. With this knowledge, we can account for the energy
loss and compensate for it by adjusting the primary ion beam
accordingly.
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