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Abstract: During the second half of 2006, Alta’s IV10 space simulator (specifically
designed for long duration, high power electric propulsion testing) successfully completed
the second commissioning stage, which was aimed at providing the facility with a full space
thermal simulation capability for end to end tests of electric propulsion subsystems. The
facility, 6 m in diameter and 10 m in length, is currently the largest available in Europe for
EP testing, and the results obtained during the thousands hours of endurance test campaigns
confirmed its top level performance in terms of ultimate vacuum level (2e-9 mbar), pumping
speed (currently 300.000 l/s), thermal environment simulation and beam diagnostics. This
paper will provide a description of the facility layout and of its main features and a
discussion of the facility performance figures recorded during the maiden test carried out on
QinetiQ’s T6 ion engine.

T

I.

Introduction

he IV-10 high performance vacuum chamber was developed by Alta in the framework of a multi-year effort
(partially funded by the Italian Space Agency and by the Tuscany Regional Development Fund), in order to
provide the European EP community with a world-class facility for tests on high power thrusters. The facility design
phase was started in 1999, a small scale pilot facility was operational in 2001, the main procurements were kickedoff in 2002 and the initial commissioning (providing basic functionality) was completed in 2005. During 2006,
further improvements and additions were implemented in order to further increase the simulation capability and
effectiveness.
In spite of the large size and extreme performance, the IV-10 facility was designed from scratch having strict
requirements on flexibility and cost-effectiveness, and the results have significantly exceeded the expectations. IV10 is now fully available for industry and agencies development programmes, as well as for Alta’s own EP
undertakings.
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II.

Facility Description

A. Vacuum chamber
The vacuum chamber consists of a 6 m dia. x 6 m long cylindrical stainless steel body with two ellipsoidal end
caps featuring a total length of 10 m and an internal volume of about 200 m3. Due to the presence of the LN2 cooled
lining and the beam target (all described below) the actual internal dimensions available for free beam expansion
corresponds to a cylinder 5.4 m in diameter, >7 m length, with a volume of about 160 m3.
The material of the vessel (AISI 316L) is diamagnetic with a certified low relative permeability (µ r 1.08) to
reduce the interference with the magnetic field generated by the thrusters under testing. All the internal surfaces are
micro-peened to reduce outgassing from the walls in order to improve the vacuum quality and to reduce the duration
of the initial evacuation phase.
One of the end caps, equipped with the beam target, is mounted on a motorised moving cart and represents the
main access to the chamber. This full size (6 m dia) opening allows for the easy integration into the vessel of large
components such as subsystems and/or entire satellites if system level or end-to-end tests are required. In addition
about one hundred ISO K and ISO F flanges of different diameters (from DN 100 to DN 1000) are available for the
installation of all the equipment (pumps, sensors, feed-through, viewports, service chambers etc.) required to carry
out the tests with the maximum degree of flexibility. In particular one DN 1000 and two DN 630 flanges located on
the fixed cap allow for the connection of gate valves and service chambers, to reduce the set-up time in sequential
tests (e.g. acceptance) on different items, yet allowing for nearly optimal beam expansion being the accesses axial
(DN 1000 flange) or nearly axial (DN 630 flanges).
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Figure 1. The IV10 vacuum facility (left) and its internal layout (right)
In the simplest test configuration (single vessel) (shown in Fig. 1) the thruster is mounted on a supporting
structure connected to the fixed cap and aligned with the beam diagnostics. On the opposite side of the vessel the
beam target and the cryogenic pumping stage is located, with a peculiar custom designed optimized in order to
improve the effective pumping speed. In order to reduce disturbances to the plume, all the service structures
(platforms, ladders etc.) required for the test set-up can be removed prior of the evacuation phase.
The chamber is placed within a new laboratory area currently being made compliant with environmental
standards class ISO 100.000.
B. LN2 cooled integral shielding
Differently from most similar EP test chambers, but similarly to thermal space simulators, the IV10 facility
features a full liquid nitrogen cooled lining of the internal surface, in order to control and to minimize the heat load
radiated from the vessel’s wall onto the cryogenic pumping stage and on the item under test. The major advantages
of this design choice are:
- the possibility to use the facility to perform thermal vacuum test
- the reduction of running costs for a given pumping speed, obtained increasing the pumping surface per cryorefrigerator thanks to the reduced radiated heat load
- the effective dissipation of the beam power on a cold surface, thus improving the simulation fidelity for large
thruster tests
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The facility cryogenic system includes:
- a 25 m3 LN2 tank placed outside of the laboratory building
- a LN2 distribution system (vacuum insulated piping, cryogenic control valves, phase separator etc.)
- the shielding chevrons (shrouds) installed inside the facility lined up with MLI to minimize radiative heat load.
The feeding of LN2 is performed in closed loop using a cryogenic pump to reduce the losses of liquid when
discarding the gaseous phase, and to facilitate the regulation of the flow rate when a thruster power modulation
(on/off cycles)is required during the test. The use of a forced feeding also improves the cooling capability per square
meter, the system being designed for continuous power dissipation up to 25 kW. For the sake of flexibility the lining
has been divided into 7 separated parts which can be cooled separately: shrouds No.1, 2, 3 have a cylindrical shape;
shroud No. 4 is conical and attached to the fixed cap; shroud No. 5,6 are conical and form the beam target (flexible
quick connections allow to easily open the chamber); shroud 7 is ring-shaped and shields the cold panels from the
direct view of the thruster, thus preventing surface heating and erosion of the deposited material by ion
impingement.
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Figure 2. LN2 shrouds and wall lining. Blu line: lining with grafoil; yellow line: bare walls
C. Beam dump target
As already mentioned, the end cap facing the thruster is shielded by two
conical shrouds which dump the beam energy acting as beam target. The
peculiar shape was chosen in order to improve the pumping speed by reflecting
the impinging ion directly onto the cryopumping surfaces, placed close to the
base of the large cone. From DSMC simulation it was expected and increment
of about 15% of the pumping speed just due to the neutralized ion reflection
adding the effect of a net bulk velocity to the usual random thermal motion of
the residual gas.
The central cone also feature a 500 mm hole in order to collect the core part
of the beam behind the target, and to avoid problems related to the cooling of
the cone’s tip. This aperture also allows the inspection of the thruster from a
viewport that can be installed on the axial flange on the cap.
In order to prevent damages of the target’s surfaces undergoing severe ion
bombardment and to reduce the contamination rate of the thruster by
backsputtering, the exposed surfaces are lined up with high purity grade
graphite, which is known to have a relatively low sputtering yield coefficient.
Grafoil was selected among other carbon based material because of its
Figure 3. The bi-conical beam
flexibility, facilitating its installation on the curved surfaces with a good
target.
contact. This is a very critical issue in the graphite mounting fixtures, since an
high thermal conductance has to be ensured between the lining and the target’s surface to avoid the formation of hot
spots which could radiate heat onto the cold plates possibly affecting the pumping speed.
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D. Pumping system
The pumping system currently installed consists of four dry and completely oil free stages. The first stage
(Rough vacuum: ambient pressure to 10-2 mbar) includes:
- No. 1 Leybold Screw - 630 primary pump (630 mc/hr on air)
- No. 1 Leybold Roovac WS2001FC – roots pump
The second stage (High vacuum: 10-2 mbar to 10-6 mbar) includes:
- up to No. 4 turbo pumps Varian V-2000 HT (2000 l/s on N2) + primary pumps Varian Triscroll 600
The third stage (Cryo High vacuum: 10-5 mbar to 10-8 mbar) includes:
- up to No. 4 cryopumps Leybold Coolvac 5000 (5000 l/s on N2) or Coolvac 10000 (10000 l/s on N2).
The fourth stage (High speed cryogenic pumping system: <10-8 mbar to <10-5 mbar) includes:
- up to No. 12 cold heads Leybold T-120 (max pumping speed >800.000 l/s on Xe) equipped with 1.2 m2 OFHC
copper plates with an operating temperature around 30 K. Presently only 5 T-120 heads are fitted to IV-10,
however if required the remaining 7 could be quickly moved from other facilities at Alta onto IV-10.
Thanks to the number of flanges available on the chamber up to 24 cold
heads (12 on the target side + 12 on the thruster side) + 2 large 60000 l/s
cryopumps could be installed to achieve a maximum pumping speed in the
order of 1.500.000 l/s on Xenon.
For safety reasons, during the thruster operations the chamber is kept
completely sealed from the outside to reduce the risk of contamination for
the thruster by air backstreaming and only the cryogenic stages are used to
maintain the vacuum level and vacuum quality required for thruster testing.

Figure 6. Close up view of one cold
plate.

Figure 4. Scheme of the pumping system.

Figure 5 Chamber pressure distribution calculated by
DSMC simulations.

E. Vacuum monitoring system
The pressure level within the chamber is continuously (1 Hz) monitored by 3 Leybold-Inficon ITR90
Pirani/Bayard-Alpert sensors. Two are placed symmetrically on opposites sides of the vessel in the section
corresponding to the thruster exit plane about 3 m away from it. The third is placed on the DN 1000 flange behind
the thruster 1.5 m away from it. On the same flange a mass spectrometer SRS RGA-200 is mounted to assess the
composition of the residual background gas. In order to measure the pressure closer to the thruster an additional
Bayard-Alpert sensor Varian 572 was installed in vacuum about 0.5 from the thruster just besides its exit plane for
diagnostic purpose only.
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F. Facility control system
The facility is controlled by a dedicated
Facility Control System (FCS) entirely in-house
developed which is able to perform
automatically all the relevant procedures from
evacuation to steady-state, to regeneration and
venting including also the emergency situations
as components failure, power cuts etc.
The FCS hardware is based on three series
of NI’s FieldPoint modules carrying out signal
acquisition (+100 channels) and conditioning
from the network of sensors and two
commercial control PCs performing data,
postprocessing, displaying and storage. An
intermediate series of control panels allows to
manually override the software control at any
Figure 7. FCS architecture .
time in case of emergency. The main PC has
authority on the facility and on the LN2 distribution system management, the second one has mainly a watchdog
function on the two systems, the main PC and the FieldPoint modules, to detect any problems even in presence of
failure of the primary PC. Additionally the second unit performs beam diagnostics. Both the PCs have an
independent capability to transmit data and ok/alarm messages to the test personnel via GPRS modems during
unattended operations of the system (night and week-ends) in order to guarantee the safest test conditions for the
thruster 24 hrs per day, 7 days per week.
The control software is based on four main Labview programs respectively performing facility management,
LN2 control, watchdog tasks and beam diagnostics and communicating with each other via global variables or
hardware bi-stable signals. The FCS can be interfaced with the Experiment Control System (ECS) which controls
the thruster under test and its subsystem (power, propellant, diagnostic etc.) locally or remotely via web at the
custom’s premises.

Figure 8. Facility control system’s Labview GUI.

Figure 9. Facility control system’s Labview GUI.

G. Beam diagnostics
IV10 is equipped with a plume diagnostic system in-house developed consisting of a 2 m dia. rotary circular rake
equipped with 18 electrostatic collimated Faraday cup probes pointing at the center of the thruster’s exit plane. The
rotation axis is passing through the thruster’s exit plane and its position can be finely adjusted thanks to 3 DOF
translational stages during the test set up.
Thanks to shape of the thruster mounting structure the rake can rotate and scan the plume without mechanical
shadowing between -90° and +120° with respect to the thruster vertical plane of symmetry to investigate the
backflow region of the plume.
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I. Facility performance
During the test campaign the facility parameters
were constantly monitored at 1 Hz to determine their
evolution while accumulating firing hours. In
particular background pressure, residual gas
composition and temperature of the target were under
special observation to verify the expected performance
in terms of pumping speed and power dissipation.
During the evacuation phase and the thruster
outgassing period, when all the shrouds were at their
base temperature and all the pumps were operating but
no propellant flow was established yet, the facility
reached a remarkable ultimate pressure < 3·10-9 mbar.
This value was confirmed by all the three pressure Figure 13. Ultimate pressure reached during
sensors and by the mass spectrometer showing the facility evacuation
partial pressure of all the species at the very limit of its
sensitivity without the CEM ( 10-10 mbar). This was
an impressive considering the large size of the vessel,
the amount of MLI and Grafoil installed and the large
number of flanges connected to the vessel. It’s worth
to note that although the flanges larger than DN 500
are equipped with a double o-ring for differential
pumping, this was not installed at the time of the test.
It’s expected that with all the differential gaskets
running the no-load ultimate pressure would get into
the mid-10-10 mbar range.
The time required to achieve thruster outgassing
conditions (< 1·10-5 mbar) was between 48 and 72
hours depending on the amount of water outgassing
from the walls: in this phase only turbopumps and
cryopumps were operated not to saturate the shrouds
and the cryopanels with water ice. During thruster Figure 14. Typical residual gas mass spectrum and
operations, with a total gas load of about 3.65 mg/s, values of major species at beginning and end of the
the indicated pressure was < 6·10-6 mbar (N2 test sequence
equivalent), corresponding, to a background pressure
in Xe < 2.4·10-6 mbar considering the factory scaling factor (0.4) indicated for the pressure sensors. This pressure
value corresponds to a pumping speed at room conditions > 300.000 l/s. As described previously, only 5/12 (or 5/24
depending on the setup) xenon pumping cold heads were installed for these tests, not requiring a higher pumping
speed. The pressure measurements also agree with the DSMC simulations carried out during the facility design
phase, further confirming the 1.500.000 l/s on Xe estimate for the maximum achievable pumping speed. All the
partial pressure of gases different from Xenon during firing were kept in the 10-9 mbar range, the highest
contaminants being H2, H2O, N2, O2, CO2. The chamber pressure was found to be stable during accumulation of
firing hours and residual species tended to decrease along the test thanks to the vanishing of their outgassing rate as
shown in Fig. 14, which lists the values of the major residual gases at the beginning of the test and after 635 hrs of
firing when the test was stopped for inspection.
Regarding the temperature distribution on the shrouds it was found that their ultimate temperature (thruster off)
was below 90 K for all the shrouds at inlet and outlet. These thermal boundary conditions for the thruster caused its
temperature to drop naturally to -80°C every time it was switched off for few hours proving that the IV10 is able to
perform cold start test or in general thermal test close to space conditions without requiring additional equipment
such as cooling plates or cooling boxes. During thruster operations, as expected the warmer point was found to be at
the tip of the smaller cone of the target experiencing the highest power flux and being the most difficult to be
cooled. However even in this case the maximum temperature reached only 110 K on the outer surface of the Grafoil
causing no problems for the cold plates which operated constantly at 30 K throughout all the test campaign.
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The low temperature increment of the target together with the quick drop of the temperatures when the thruster
was switched off by command or by a beam-out suggested a good thermal contact between Grafoil and target and
the effectiveness of the fixtures chosen for its installation.
The Grafoil lining proved also to be rather effective in protecting the target surfaces and in reducing the amount
of backsputtered material, the lining having shown a depth of erosion significantly lower with respect to the stainless
steel of the mounting washers corresponding to a sputtering yield coefficient about 1/10 of the one for stainless steel.

Figure 15.

Visual inspection of the thruster firing, from the lateral and rear viewports.

J. Beam diagnostics performance
During the test the beam diagnostics has been extensively used for the plume characterization, in order to
determine its main parameters and to verify the performance of the diagnostics system. This included exploring its
its operational limits and identifying the sensitivity of the results to some functional parameters (e.g. the biasing
voltages etc.).
During the test set up the rake and the probes were aligned with the thruster’s center using a laser beam as shown
in Fig. 16 with an accuracy of ±2mm. The overall alignment accuracy between thruster and diagnostics was
estimated to be better than 0.5° taking into account the mounting errors and the deformation of the supporting
structures. An angular step of 3.6° was used for most of the beam scans to avoid overheating of the probes and
contamination of the thruster. In some cases steps of 1.8° have been used showing no significant loss of information
introduced by the coarser sampling.

Figure 16.

Beam diagnostic during alignment (left, center) and during operation (right).

The beam diagnostics was used in four different modes:
- Faraday scan mode: collectors and shields both biased negatively with respect to ground
- Biased Faraday scan mode: shields biased negatively and collectors kept at a constant positive threshold value
repelling slow primary ions
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-

RPA mode at fixed position: shields biased negatively and collectors biasing swept between 10 and 1500 V with
the rake positioned in fixed position to determine the local energy distribution especially for characterization
of the CEX ion population
- Extended RPA mode: this mode was used to verify the possibility to measure the primary ions’ energy
distribution close to the core of the beam up to 2000 eV. Since this was experimental, only the central probe
was used and current data measured with a DMM to avoid damages to the DAQ boards working too close to
the limit of the signal conditioning equipment.
The repeatibility of the rake position and of the current reading over five orders of magnitude was rather good,
with the plots perfectly matching (apart from the effect of noise at the lowest current values) and the uncertainty on
the calculated horizontal misalignment smaller than 0.2°. However, sometimes due to errors related to the stepper
motor occurring during the zeroing phase, shifts up to 1.5° were sporadically recorded. For this reason an high
precision absolute rotary encoder will be installed for future tests, to have a closed loop control of the position and to
further improve the repeatability at least up to 0.1°.

Figure 17. Comparison of two scans at fixed conditions for thruster and diagnostics showed an excellent
repeatability of the measurments .

Figure 18. 2D and 3D elaboration of the current density distribution. The optimisation of the operating
range of the probes allowed to determine the finest structure of the beam: the 6 lobes evidenced corresponds
to the magnetic poles confining the discharge inside the thuster and have an intensity 3 orders of magnitude
lower than the peak value. The noise ( 100 ppm of the peak value) appearing along the trajectory of the
central probe is due to the resolution of DAQ board limited to 12 bits.
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Figure 19. Comparison between two scans at different collector’s voltages 0 V (left), +30 V (right) shows
the contribution of the slow CEX ions on the tails.
The repeatability of the different probes was found to be quite high, all the probes reading the same current value
when the rake was placed at 90° were the probes are all placed symmetrically with respect to the thruster. Moreover
the standard deviations for the calculated beam current (by integrating the experimental current density distribution),
alignment of beam “centroid” and divergence measured on six successive scans with the same settings were 0.6%,
1% and 0.2% of the average value respectively. The central probes appear to have higher noise tails since due to the
lower gain of the measurement resistance, the DAQ board operating at the limit of resolution (12 bit) in the most
rarefied regions of the plume.
The current distribution was found to be independent (the variations on the calculated total beam current <0.4%,
on the alignment of beam “centroid”’ <1% and on the calculated divergence <0.5%) from the shield biasing voltages
between -20 V and -40 V, and was found in good agreement with the data taken by QinetiQ with a different
diagnostic system. The beam current value obtained integrating the current density distribution was found to be
between 85%÷90% of the output of the beam power supply ( 2.17 A vs. 2.47 A). This small difference is consistent
with the probe transmissibility (> 90%) and with a partial neutralization of the beam during the flight up to the
probes and suggests a good reliability of the measurements.
Scans (Fig. 19) at different values of the collector biasing evidenced the effects on the density distribution of the
slow ions especially for energies < 20 eV. Operations in RPA mode at different positions (-90°,-59°,-45°,-31°,20°,+90,+104°) confirmed the slow ion energy to range between 5 eV and 20 eV, with no appreciable population
above this value. The energy distribution was proved to be independent from the shield’s potential.
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Figure 20. Collected current (left) and current distribution (right) for slow ions measurement in RPA mode on
the thruster exit plane
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Finally the operations in the extended RPA mode taken at -25° allowed to successfully measure the primary
ions’ energy up to 2000 eV showing their extremely narrow distribution around the accel voltage as shown by Fig.
21. Differently from Hall thruster the contribution of multiply ionized particles was found to be negligible, no
particles appearing at energies higher than the accel voltage.

Energy [eV]

Figure 21.

Primary ions’ energy distribution measured at -25° with respect to thruster axis.

IV.

Conclusion

Alta’s new vacuum facility IV-10 successfully entered into full service in the second half of 2006. The chamber
is currently the largest European facility for EP testing in terms of diameter, internal volume and pumping speed.
During the maiden test campaign, carried out on QinetiQ’s T6 high power ion engine, outstanding performance was
demonstrated in terms of ultimate (Pch<3 10-9 mbar) and operative vacuum level (pumping speed > 300.000 l/s on
Xe). In addition, due to the integral LN2 cooled internal shielding, the possibility to perform simultaneously firing
and thermal tests was also demonstrated, making the test conditions more representative of the real operative space
environment. The endurance test allowed to test and debug the automatic control system and the procedure required
to run the facility autonomously 24/7 and unattended even for long periods (which were built upon the heritage of
the highly reliable IV-4 pilot facility systems).
The facility is today equipped with an high performance beam diagnostic system based on a Faraday Cup/RPA
array, able to determine the current density and energy distributions all around the thruster for an accurate
characterization of the plume in the core and in the backflow regions (behind the thruster’s exit plane) for
performance and integration studies. The diagnostic in fact demonstrated to be able to measure with high accuracy
and repeatability the characteristics of both the primary and the CEX ion flows with energies between 5 and 2000
eV.
The architecture, specifically designed for testing high power thrusters, allows for an high degree of flexibility
and expandability to comply with the most stringent requirements possibly demanded by development, qualification
and acceptance test from thruster to sub-system, up to S/C level. In fact, the facility, placed in a controlled clean
environment, can be easily upgraded to accommodate additional service chambers with gate valves, solar flux
simulators, antennas, intrusive/non-intrusive diagnostics etc. thanks to the high number of flanges distributed around
the vessel making it a powerful experimental tool for the scientific community for the development of the next
generation of EP systems from early thruster’s characterization to the final pre-flight functional checks
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