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Abstract
In very low Earth orbits (VLEO), below 450 km altitude, the aerodynamic properties of satellites are primarily
determined by the flow regime, free molecular flow, and the interaction of atomic oxygen with the surfaces of the
spacecraft. The Rarefied Orbital Aerodynamics Research (ROAR) facility is a novel experimental facility designed to
simulate these conditions in a controlled environment to characterise the aerodynamic properties of materials. It is built
as part of DISCOVERER, a Horizon 2020 project developing the different technologies required to enable the
sustainable operation of satellites in VLEO. Because ROAR isn’t intended to perform erosion studies, it differs quite
significantly from other atomic oxygen exposure experiments and its characteristics are discussed in this work. ROAR
consists of an ultrahigh vacuum system, responsible for generating the free molecular flow conditions, a source of
hyperthermal oxygen atoms at orbital velocities, and mass spectrometers; the latter used to characterise the gas-surface
interactions, and therefore the material’s aerodynamic performance. This paper includes a description of ROAR’s main
components, together with the experimental methodology for materials testing and early results. Among the main
parameters to be considered are atomic oxygen flux, beam shape and energy spread, mass resolution, and signal-tonoise ratio.
Keywords: Atomic oxygen, very low Earth Orbit, gas-surface interactions, free molecular flow, vacuum, mass
spectrometry.
As for the challenges, the main difficulty of operating
Acronyms/Abbreviations
at a lower power of the atmosphere comes from its denser
VLEO Very low Earth orbit
and rather aggressive composition. The main
AO
Atomic oxygen
characteristics of the atmosphere at such lower altitudes,
ROAR Rarefied orbital aerodynamics research facility
are the higher number density, with atomic oxygen, O3P,
INMS Ion-neutral mass spectrometer
as the most abundant species. Given that atomic oxygen
(AO) is very reactive, it readily adsorbs onto surfaces
1. Introduction
where it can go through a series of physical-chemical
Operating satellites at very low Earth orbit (VLEO),
processes that usually leads to the surface's erosion [2-5].
comprising of altitudes below 450 km, offers a series of
These interactions contribute for an increase in drag that
benefits while posing a set of interesting challenges as
in turns is translated into a significant reduction of
well. Amongst the benefits one could mention reduced
lifetime.
costs for space system’s developments, launch and
A better understanding of the mechanisms through
operation, increased resolution data of imagery and
which AO interacts with surfaces could lead to materials
spectroscopy that could impact directly on areas like
that are more suited to the VLEO environment and to a
maritime surveillance, land management, agriculture and
more tailored use during the design stages of missions
food security, disaster monitoring, etc [1].
and spacecraft. Currently, in order to study how materials
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behave in the VLEO atmosphere, there are two common
ways, ground-based experiments [6,9] or via in-orbit
tests [10,11]. Whilst the latter is becoming more
accessible specially through the Materials International
Space Station Experiment (MISSE) [12], ground-based
atomic oxygen exposure facilities are still fundamental
tools for the study of materials.
The vast majority of the exposure facilities
operational today are focused on investigating erosion
induced by atomic oxygen. Erosion of surfaces by AO is
a major concern, it can affect different spacecraft systems
like optics and electronics, with the potential of
compromising entire missions [13,14]. Finding materials
that are resistant to atomic oxygen erosion has therefore
been one of the main goals of these ground-based
facilities [15,16]. In order to expedite the effects
observed during the exposure experiments, many
facilities have increased the AO flux to levels a few
orders of magnitude above those normally found in
VLEO [17]. Although it unquestionably serves the
purpose of accelerating the damage caused by the atomic
oxygen, thus allowing for simulations of long orbit
exposures, one intrinsic issue with this approach is that it
can become unrepresentative of the actual interactions
that take place while in orbit.
The problem of how atoms or gases interacts with
surfaces is a complex one that involves a great number of
variables and uncertainties, such as composition of both
the gas and the surface, energy of the gas, flux intensity,
flow regime, and presence of defects on the surface [1820]. To properly characterise the dynamics, reactions and
processes involved, a facility that provides similar values
of AO flux and energy distribution to those in VLEO and
equipped with the appropriate detectors is required.
Because of this, the DISCOVERER project [21,22] has
proposed the construction of a novel experiment that is
designed to investigate the gas-surface interactions
between materials samples and a beam of AO. This paper
provides a brief description of the facility with an update
on its current stage.
2. Rarefied Orbital Aerodynamics Research (ROAR)
facility
The Rarefied Orbital Aerodynamics Research
(ROAR) facility is the name for the experiment being
constructed under the DISCOVERER project. It is
composed of three main systems, a vacuum system, an
AO source and the detection system. The vacuum system
is responsible for reaching and maintaining a free
molecular flow environment during the experiments, so
that the average distance travelled by a particle between
two consecutive collisions is far greater than the system’s
characteristic length.
The AO source is responsible for producing a beam
of neutral oxygen atoms with an energy distribution
around 4.5 eV and flux between 1013 and 1015
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atoms/cm2s. Detection is accomplished via mass
spectrometers that are used to characterise the incoming
and the scattered beams by measuring their energies and
their compositions. In the next sections an overview of
each system is provided, whereas a more detailed
description can be found elsewhere [22].
2.1 Vacuum system
ROAR’s vacuum system is designed to provide a
mean free path of at least 100 m, which is four orders of
magnitude larger than the materials samples being
investigated. This requires a considerably high pumping
capacity, in the order of 10 m3/s. The high volumes and
the expected concentration of oxygen and other reactive
species inside the chamber has led to the choice of cryo
(Sumitomo CP-20 - 20m3/s) and non-evaporable getter
(SAES CapaciTorr D3500 - 3.5m3/s) pumps for the
vacuum system of the main chamber [23]. The
experiment also counts with a turbo-molecular (Leybold
TurboVac 450i - 0.45 m3/s) and a set of multistage Roots
(Leybold Ecodry 65Plus - 55m3/h) pumps, the latter
being used for primary pumping and regeneration of the
cryopumps. Once fully commissioned, operation
pressures are expected to be between 10-8-10-9 mbar.

Fig. 1: ROAR’s vacuum system. Vacuum chambers are
indicated by numbers, main chamber (1), AO source’s
chamber (2), and load lock chamber (3). Vacuum pump:
multi-stage Roots (A), turbo-molecular (B), non-evaporable
getter (C), and cryo (D). Valves: in-line valves (4-7), ultrahigh
vacuum gate valves (8-10), high precision leak valves (11-13).
Gauges and sensors: full range pressure gauge (a) and
residual gas analyser (b).

Due to the experiment’s low operational pressures
and the time-consuming process required to achieve
these values, ROAR is designed with a second chamber
that serves as load lock for sample exchange. This
chamber is equipped with a turbo-molecular pump
(Leybold – TurboVac 90i - 0.09 m3/s) with base pressures
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around 10-8 mbar. A residual gas analyser (Pfeiffer
PrismaPro QMG250) monitors the quality of the vacuum
inside the main chamber. Full schematics of ROAR’s
vacuum system is provided in Fig. 1.
2.2 Atomic oxygen source
ROAR’s atomic oxygen source differs from the laser
detonation sources commonly applied in other AO
exposure facilities [24]. Its operation mechanism is based
on a process of electron stimulated desorption and it is
illustrated in Fig. 2. In summary, a silver membrane is
used as the interface between the oxygen supply and the
main chamber’s vacuum. The oxygen molecules adsorb
on to the silver membrane, dissociate into atoms that
permeate trough the membrane, eventually reaching the
vacuum side. On the vacuum side the silver membrane is
bombarded with electrons that will promote the
desorption of the oxygen atoms, thus creating a beam
[25].
Optimum operation is achieved when permeation and
desorption balance each other and in order to maximise
flux is it imperative that both processes are optimised. If
the increase in permeation is not followed also by an
increase in desorption, recombination of the oxygen
atoms will occur at the vacuum side, generating O2
instead of O3P. This source is estimated to produce a flux
of neutral oxygen atoms between 1013-1015 atoms/cm2s,
with an energy distribution around 4.5 eV [25]. Fig. 2
also shows a picture of the atomic oxygen source prior its
installation in ROAR where the silver membrane is
visible.
To promote the desorption, ROAR is equipped with
an independent electron gun capable of generating
between 5 and 50 mA and with an energy range between
100 eV and 10keV (Kimball Physics – EGG3103).
2.3 Detection system and sample holder
The detection system of ROAR is comprised of an
ion-neutral mass spectrometer (INMS) that is responsible
for characterising the incoming AO beam by measuring
its energy distribution and composition and the particles
scattered by the sample [22]. The INMS is composed of
four stages, an ion filter used to separate charged particles
from the neutral ones, followed by an ioniser, a time-offlight element using electrostatic gating and an
electrostatic energy analyser.
A unique feature of ROAR is that the INMS is
mounted on a moving stage. When operated in
conjunction with the sample holder, this allows for
measurements of scattering patterns both in and out of
plane, offering an almost full coverage of the hemisphere
above the sample as indicated. Additionally, this allows
measurements before and after interacting with the
materials samples, thus providing us with a clearer
picture of the processes involved

IAC-20- A2,4,12,x60120

Fig. 2: Operation mechanism of ROAR’s atomic oxygen
source (top). Picture of the AO source before mounting it into
the main chamber (bottom).

The sample holder designed for ROAR uses typical
flag style sample supports (Omicron) and is equipped
with two stepper motors (Arun Microelectronics – D35.1
and D42.1), one that alters the orientation of the sample
with regards to the incoming beam by steps of 1.8 degree,
and the other that provide the variation of polar angle, θ,
for the scattering maps. The moving stage where the
INMS is mounted provides the azimuthal angle, φ, which
covers the second angular variation required. Maximum
angular resolution are 2 degrees and 1 degree for θ and φ,
respectively.
3. System’s current status
ROAR is currently under the commissioning phase,
with both chambers assembled, and vacuum system
almost completely in place. Fig. 3 shows a schematic of
the facility with pictures of its current stage. The high
vacuum system, comprised of the turbo-molecular pumps
with the multi-stage Roots are operational with base
pressures of 1x10-7 mbar and 9x10-8 mbar achieved at the
main and load lock chambers, respectively.
Preparations for the commissioning of the ultrahigh
vacuum systems included commissioning of a water
chiller (Lauda UCS-0800SP), for the cooling of
cryopump’s compressors and installation of gas lines for
operation of the DN500 gate valves isolating the
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Fig. 4: Flowchart indicating steps to ROAR's full
commissioning. Green blocks correspond to tasks already
concluded.

Fig. 3: Schematics of ROAR (top) with a picture showing
the facility's current configuration.

cryopumps from the main chamber. These activities were
just recently finished, therefore no results on the
commissioning of the cryo and non-evaporable getter
pumps is provided.
Once the vacuum system is fully operational, efforts
will be focused on the commissioning of both the atomic
oxygen source and the mass spectrometers. For the AO
source commissioning, characterisation and test
experiments are going to be performed, which include
evaluation of the effects of the electron gun on the AO
production and its interference with other systems, like
the sample holder and INMS. The mass spectrometers are
going to be calibrated against the chamber’s background
acquired with the residual gas-analyser. Figure 4 shows a
complete path to ROAR’s full commissioning with green
blocks indicating completed tasks.
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Due to the covid-19 pandemic and the subsequent
lockdowns, experimental works were halted for several
months this year, deeply impacting the development of
the facility. However, ROAR is expected to be
operational by the December 2020.
6. Conclusions
This article presented a brief update on the
developments of the Rarefied Orbital Aerodynamics
Research (ROAR) facility, currently in commissioning
stage at The University of Manchester. ROAR is an AO
exposure facility designed to investigate the gas-surface
interactions between a hyperthermal beam of neutral
oxygen atoms and a materials sample.
A general description of ROAR’s vacuum system was
provided, including a diagram. The atomic oxygen
source and detection systems were also considered and
briefly described. The experiment is currently being
commissioned and is expected to be operational by
December 2020.
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