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The Laser Interferometer Space Antenna (LISA) is a space-based gravitational-wave observatory that
uses free-falling test masses as inertial references to detect mHz-frequency signals. Interactions between
these test masses and galactic or solar energetic particles cause charge buildup and Coulomb forces, a major
source of acceleration noise that must be accurately modeled. LISA Pathfinder measurements showed that
the Poissonian test-mass charging noise, an important entry in the noise budget, was considerably larger
than that in prelaunch simulations, indicating missing physical processes in early models. Emission of low-
energy secondary electrons (LEEs) from test-mass and housing surfaces has been proposed as a key
mechanism affecting charging and the sensor’s electrostatic response. We report a particle accelerator-
based experiment that directly tests the LEE hypothesis by measuring proton-induced test-mass charging in
a LISA-like Gravitational Reference Sensor geometry as a function of the test-mass electrostatic potential.
A flight-representative test mass and the capacitive sensor electrode housing surrounding it are exposed in
vacuum to monoenergetic 70-230 MeV proton beams, while test-mass charging currents are measured with
femtoampere sensitivity. By varying the test-mass potential by volts during irradiation, we gain sensitivity
to eV-scale charge carriers whose transport and collection depend on these fields. The measurements yield
stable, reproducible picoampere-level charging currents and a clear dependence of the net charging rate on
test-mass potential. This behavior directly supports the role of low-energy secondary electrons in test-mass
charging and is consistent with the LEE-based interpretation of LISA Pathfinder data. These are the first
controlled laboratory measurements of low-energy electron effects in test-mass charging for a LISA-like
sensor and provide a benchmark for validating charging models and charge-management strategies for
LISA and future space-based precision interferometry missions.
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I. INTRODUCTION

In 2015, gravitational-wave physics entered a new era
when the Laser Interferometer Gravitational-Wave
Observatory (LIGO) detected gravitational waves originat-
ing from a binary black hole merger, providing the first
direct confirmation of Einstein’s general relativity [1]. In
the same year, the European Space Agency (ESA) launched
the LISA Pathfinder (LPF) mission, which successfully
demonstrated that a test mass (TM) could maintain geo-
desic motion with residual acceleration noise below

107" m/s?/v/Hz at mHz frequencies, thereby paving
the way for a space-based gravitational-wave observatory.

Approved by ESA in 2017 and formally adopted in
2024, the Laser Interferometer Space Antenna (LISA)
mission is scheduled for launch in 2035. LISA will consist
of three spacecraft in a triangular constellation with
2.5 million km arms, each hosting two free-falling TMs

Published by the American Physical Society
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made of a gold-platinum alloy. These TMs act as inertial
references for tracing the gravitational-wave tidal deforma-
tion, which is then measured by laser interferometry. Each
TM is enclosed, without any mechanical or electrical
connection, within a molybdenum gold-plated electrode
housing (EH), which provides capacitive sensing and
actuation while maintaining mechanical and electrical
isolation. However, exposure to galactic and solar cosmic
rays (CRs) leads to continuous TM charging, which
couples with stray electric fields in the EH to produce
spurious Coulomb forces. Inband acceleration noise arises
due to both stray fields and TM charging fluctuating in time
[2,3]. As taught by LPF, to mitigate these effects, LISA will
measure and electrostatically compensate in flight to a few
mV the average stray fields [4,5], and incorporate a
dedicated charge management device (CMD) that employs
UV illumination to actively discharge the TMs via the
photoelectric effect, thereby maintaining its charge within a
few mV to neutral condition. However, the CMD does not
suppress the noise arising from stochastic charge fluctua-
tions associated with the Poissonian nature of the charging
process [6]. A theoretical characterization of TM charging
through Monte Carlo simulations remains essential, both
for determining the net charging rate under the wide range
of interplanetary conditions and for quantifying the corre-
sponding charge fluctuations.

To this purpose, extensive Monte Carlo studies of the
charging effect have been performed since the LPF devel-
opment phase, using both FLUKA [7,8] and GEANT4 [9-11].
Inflight LPF measurements revealed a positive net charging
rate of ~25 e/s, in line with the expectations from the
simulations of the time, while Ref. [5] measured a TM
charge noise with a 1/f2 noise power spectrum, consistent
with Poissonian charging events with an effective event rate
between 1000 and 1400 s~! roughly 4-5 times larger than
the preflight predictions [12-14]. Moreover, the TM
charging was found to decrease linearly with increasing
TM potential, falling to zero at an equilibrium potential of
900 and 951 mV, respectively, for the two TMs. Those
discrepancies were attributed to the contribution of a
quasistationary cloud of order ~eV secondary electrons
[15-17] which populates the gap between the TM and the
EH. This interpretation proposed that CR-induced charging
is self-limited by the emission of electrons with eV-level
kinetic energies by the gold surfaces of LISATM and EH in
the vacuum gap between them. Under the effect of voltage
biases, these electrons can migrate to counterbalance the
net TM charging, potentially explaining the TM voltage
saturation effect observed by LPF.

In 2023, an ESA-funded project conducted by the
University of Trento, the University of Urbino, and
OHB Italy (ESA ITT Ref.: AO/1-10081/20/NL/CRS,
“Test Mass Charging Toolkit and LPF Lessons
Learned”) focused on characterizing the emission of
low-energy secondary electrons (LEEs) and incorporating

their contribution into a new Monte Carlo simulation
framework based on the GEANT4 engine. From a theoretical
standpoint, the impact of LEE emission from the TM and
EH surfaces under CR irradiation was analyzed in a joint
effort between the University of Trento and the Trento
ECT* group. Secondary LEEs are generated primarily
through kinetic emission, namely emission predominantly
originating from electron-electron interactions in which
ionization electrons lose nearly all of their energy via
inelastic scattering processes [16]. The LEE yield from
gold surfaces was constrained by combining ab initio
theoretical calculations with the limited experimental data
available from electron backscattering measurements [18].
No data instead are available to constrain emission sub-
sequent to hadron irradiation. This encouraged the develop-
ment and validation of a GEANT4-based toolkit (the Test
Mass Charging Toolkit, TMCTK) designed to provide an
end-to-end simulation of the effect of TM charging on the
LISA sensitivity over a broad range of space-weather
conditions, including both long-term CR flux variations
and transient events. The toolkit incorporates the simulation
of LEEs using GEANT4 simulation packages specifically
developed for the description of very-low-energy electro-
magnetic interactions in gold (GEANT4-DNA) down to
energies of a few eV, thereby yielding improved predictions
of TM charging and its associated contribution to LISA’s
acceleration noise [19]. Nevertheless, the charging-noise
predictions produced by TMCTK, although in closer agree-
ment with LPF measurements than earlier GEANT4-based
simulation models, remain underestimated. This discrep-
ancy motivates further investigations of LEE emission and
of the TM charging process in general, with particular
emphasis on experimental studies employing configura-
tions more representative of actual flight conditions in the
interplanetary environment, where accelerated hadrons of
cosmic and solar origin interact with the spacecraft. Such
experiments will enable controlled tests of GEANT4 pre-
dictions and support the refinement of its models for the
production and transport of extremely low-energy particles.

In this work, we address this objective by presenting the
results of the Beam Assisted Radiation Test (BART)
experiment, specifically conceived to investigate, for the
first time in a controlled laboratory environment, the TM
charging process. The primary aim of BART is to provide
experimental confirmation of LEE emission induced by the
exposure of a LISA-representative geometry to energetic
hadrons (protons), quantifying their contribution and char-
acterizing their emission spectrum.

A. Observing TM charging on ground:
The BART experiment

BART uses monoenergetic protons in the 70-230 MeV
range to reproduce, under controlled laboratory conditions,
part of the TM charging processes and the emission
of LEEs expected in the LISA Gravitational Reference
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FIG. 1. Energy distribution of secondary electron produced in

the gap between TM and EH from a simulated flux of cosmic
primary protons hitting a LISA representative geometry using the
TMCTK simulation tool [19], as a function of the primary proton
energy. The insert shows the projection of the 50-230 MeV slice
(red band), representative of the energy range accessible by the
PT cyclotron (see Sec. II). In the plot, the contribution coming
from secondary electrons generated by high-energy (HE) inter-
action such as pair production (red circle) and d-ray emission
(blue circle) are indicated.

Sensor (GRS) from cosmic-ray protons. Although a beam-
like irradiation differs from the isotropic cosmic-ray envi-
ronment expected in flight, it provides a controlled
benchmark of the relevant charging and LEE emission
processes. An idea of the level representativeness of this
test with respect to the onflight TM charging phenomenon
can be obtained from the knowledge of the contributions
to the global charging rate and charging noise of primary
CRs of different energies that can be studied thanks to
the TMCTK.

The TM net charging rate (Aygr) is mainly due to low-
energy protons stopping in the TM and from secondary
particles generated by higher-energy proton interactions.
TMCTK simulations under stationary solar modulation
show that Aygr is mainly due to primary protons in the
70-1000 MeV range, stopping in the TM. Higher-energy
protons are not effectively stopped and thus do not directly
charge the TM. Protons below 50-100 MeV are stopped in
surrounding materials, dominated by the EH, and also do
not contribute. The simulations indicate a significant
contribution also from secondary electrons to TM charging
[20]. At sub-GeV primary proton energies, their contribu-
tion is subdominant with respect to the contribution of the
stopping protons. For example, for primary proton energies
of 100-300 MeV, their net charging contribution is neg-
ative, reducing the net rate by 10%—-20%, because electrons
entering the TM from EH emission outweigh electrons
emitted from the TM. At energies > 2 GeV, where protons
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FIG. 2. Scheme of the BART experiment concept: the TM is
kept electrically isolated from the EH by Teflon spacers (shown in
light yellow in the scheme) and charged up by a proton (red
track), creating secondary particles (blue tracks). The charging is
measured as a discharge current by an electrometer.

traverse the TM, secondary electrons dominate the charg-
ing, and their net contribution is found from simulations to
be positive [19].

Figure 1 shows the spectrum of secondary electrons
produced in the gap between EH and TM as a function of
the energy of the primary protons, of a cosmic proton flux
typical of the solar minimum condition, using the TMCTK
tool, as a function of the energy of the primary protons. The
distribution shows three main contributions: the majority of
electrons show energy from 10 eV to 1 MeV and are
produced by &-ray emission from high-energy charged
particles. Electrons of higher energies, above 1 MeV, can be
produced by interactions such pair production or pion
decay. Finally, the simulation shows that significant pro-
duction of LEEs below 100 eV exists across the majority of
the primary proton spectrum as a consequence of kinetic
emission. The red band in Fig. 1 corresponds to the 50—
230 MeV energy range, accessible by BART. Therefore we
can study the threshold of the TM charging activation and
produce a detectable amount of LEEs, which can be
experimentally probed by varying the potential difference
between the TM and EH. Figure 2 shows a scheme of the
experiment, the configuration of which is described in
detail in Sec. II.

II. EXPERIMENTAL APPARATUS

The proton irradiation for the experiment is provided by
the Trento Proton Therapy (PT) facility, which delivers a
beam with energies between 70 and 230 MeV, described in
more detail in Sec. II A. This beam is directed to an
experimental setup designed to provide the best possible
representativeness of the LISA GRS sensor and its flight
conditions, with the possibility to monitor in the most
precise way the charge transfer processes induced by the
interaction of energetic protons.
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At the core of the BART setup lies a gold-coated copper
test mass that replicates the exact size, geometry, and
surface finish of the LISA flight model, except for a
conductive shaft on one face that we also use as an
electrical contact to the TM. The TM is housed within a
molybdenum EH, originally developed as an engineering
model for the LISA Pathfinder mission. The EH is con-
figured as a cubic enclosure with wall thicknesses ranging
between 0.9 and 1.1 cm, and it incorporates gold-sapphire
[21] electrodes embedded within 3 mm-deep grooves along
its internal surfaces. These electrodes are employed for
capacitive sensing of the TM position within the GRS, for
TM AC polarization (“injection” electrodes), and for TM
actuation. The electrode layout is not uniform across all

Light Source
254 nm wavelength
A
| [ L] LT [ e
At 4

FIG. 3. Top: Integration of the EM of the LPF GRS inside the
BART vacuum chamber. Bottom: Scheme of the electrical and
optical (used in performance testing) configuration of the experi-
ment. The dashed arrow shows one of the dark current paths
through the Teflon insulators.

faces of the sensor, yielding a face-dependent variation in
the effective thickness of the EH to traversing particles.
Specifically, the EH hosts two smaller electrodes on the
faces perpendicular to the science measurement axis (here-
after denoted as “face X”) and three slightly larger electro-
des on the faces parallel to that axis (“face Y”), leading to a
reduced average grammage on the latter. The resulting
difference, averaged over the full area of an EH face, is
estimated to be (140.2) g/cm?.

The EH is mounted on a DNI160CF flange via a
mechanically rigid but electrically insulated support struc-
ture (see Fig. 3). The mechanical support equipment is
necessary for holding both EH and TM inside the vacuum
enclosure electrically isolated from each other and from the
vacuum chamber. The EH is clamped into an aluminum
structure, attached to the base of the vacuum chamber.
Insulator elements made in polytetrafluoroethylene
(PTFE), shown in light blue in Fig. 3, are placed in
between the clamps and the EH, allowing for electrical
isolation between the two. The TM shaft goes through the
face Z hole of EH for the grabbing, positioning and release
mechanism [22], and it is suspended on top of the EH
clamp. Teflon rings with resistances in the tens of TQ
center the TM shaft. These high-resistance supports ensure
minimal leakage currents which were measured in the
preliminary tests of the facility (see Sec. III).

Mounting the basement of the structure directly to the
bottom flange (Fig. 4), gives enough clearance for the
electrical cables and fiber optics inside. This also enables
an easy integration of the setup: assembling the setup on the
vacuum chamber basement, and dropping the camber onto
it at the end of the integration process.

The structural assembly accommodating the EH and TM
was validated for resistance to transportation loads by
means of a finite element analysis conducted in Ansys 2025
Release 2 (Fig. 4). A response spectrum analysis, using the
acceleration load spectra specified in Ref. [23], confirmed
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FIG. 4. Left: CAD model of the mechanical support equipment
used for the tests. The aluminum structure of the mechanical
support equipment and the EH frame is sectioned, and the EH’s
faces are hidden to show the TM. Right: Finite element results for
the response spectrum analysis, evaluating handling and trans-
portation loads.
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that transportation-induced stresses do not compromise the
integrity of the structure and yield negligible deformations.

The TM-EH assembly is enclosed in a 3.5 mm-thick
stainless-steel vacuum chamber with a diameter of 15 cm
and a height of 40 cm. The chamber maintains a pressure
below 107® mbar with a 30 1/s turbo pump, so that the
mean free path of electrons is much larger than the
characteristic length of the experimental apparatus. To
reach a total effective material budget of approximately
13 g/cm?, comparable to inflight conditions, an additive
5 mm-wide Al shield is placed between the chamber and
the beam source. The distance between the shield and the
vacuum chamber can be adjusted to obtain a more uniform
spread of the beam on the EH illuminated face, via
multiple-scattering driven defocusing of the beam.

The net sum of the electric charges entering/exiting the
TM is monitored using a precision electrometer with
femtoampere-level sensitivity. The system achieves a cur-
rent resolution of approximately 10 fA with a 10 mHz
modulation. This precision was evaluated via measure-
ments of UV-induced photoemission currents as described
in Sec. III, confirming its capability to resolve the pA-level
current expected by the TM charging process during the
experiment.

The electrostatic potential of the EH can be adjusted
within the interval from —10 V to +10 V with respect to
the TM, grounded through the amperometer, thereby
enabling precise control of the electric field established
in the TM-EH gap. The bias voltage is supplied by a
generator and delivered via a dedicated front-end electronic
circuit based on AD797 amplifiers [24].

The experimental configuration described above is
designed to reproduce as closely as possible the inflight
LISA environment and operational conditions, while ensur-
ing high precision in the measurement of TM charging
currents in different conditions of voltage bias. Structural
discrepancies—such as differences in chamber geometry
and supporting hardware—are not expected to introduce
significant systematic uncertainties, given that the primary
objective of the experiment is to investigate charge trans-
port and deposition processes.

A. The Trento Proton Therapy beam facility

The PT beam facility is operated by the Trento Institute
for Fundamental Physics and Applications (INFN-TIFPA,
[37]) and is located within the Trento Proton Therapy
Centre (Azienda Provinciale per i Servizi Sanitari, Trento,
Italy). The facility hosts a commercial 230 MeV IBA
Proteus 235 cyclotron used for both clinical proton therapy
and scientific research. Protons are extracted at a fixed
energy of 230 MeV and transported through an energy-
selection system comprising a graphite degrader, a mag-
netic analyzer, and collimation slits, providing variable
beam energies in the range 70-230 MeV. The energy
spread is typically below 1%, and energy switching can be
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FIG. 5. Scheme of the configuration of the INFN-TIFPA PT
experimental room for the BART experiment.

achieved in less than one second [26]. A dedicated
experimental area is connected to the accelerator through
two horizontal beamlines: a “biological” line optimized for
radiobiology and dosimetry studies, and a “physics” line
designed for detector irradiation and instrument testing.
The physics beamline allows both in-air and in-vacuum
irradiation of experimental setups. The beam spot size and
flux are adjustable, emitting fluences between 10° and
10" pecm™ per exposure with an intensity between 10°
and 10° p/s. According to TMCTK simulations, rates above
107 p/s assured currents from LEEs of the order of pA,
resolvable by the BART electrometer. The control of the
beam energy through graphite degrader causes an increase
of the beam cross area towards lower energies as a result of
multiple scattering. The FWHM of the beam profile is
measured to range from 6.8 mm at maximum nominal
energy (228 MeV) to 16.2 mm at 70 MeV [27]. Beam
intensity is monitored using calibrated transmission ion-
ization chambers, while the absolute proton flux is deter-
mined through cross-checked Faraday-cup and secondary-
emission monitors. Beam energy spectra and spatial pro-
files are routinely benchmarked with GEANT4 simulations
and radiochromic film measurements [9,28]. The irradi-
ation geometry is fixed horizontally, with the beam entering
the experimental room at approximately 1.3 m above the
floor level. The facility includes a controlled-access area
with 1 m-thick concrete shielding and remotely operated
positioning systems. Figure 5 shows the experimental room
configuration set up for the BART experiment. Thanks to
the built-in wiring of the experimental room, it was possible
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to operate the front-end electronics and the measurement
apparatus remotely, from a dedicated control room where
also the beam control was managed, allowing operators to
minimize noise on the readout apparatus.

B. TMCTK simulation tool for BART

The TMCTK toolkit consists of a GEANT4-based module
simulating the propagation of the cosmic particles and the
secondary particles in the materials of LISA and of a
COMSOL-based [29] Finite Element Model (FEM) describ-
ing the electrostatic effects on the secondary electron
trajectories in the gap between TM and EH. The extremely
simplified and symmetric geometry implemented in the
TMCTK, suitable for the simulation of the effects of
isotropic CR flux, was adapted to better represent the
asymmetric beamlike irradiation of BART. A more com-
plex geometry was implemented, substituting the concen-
trical Al shells of the standard TMCTK with a series of
volumes namely describing the BART vacuum chamber,
represented by a 3 mm-wide stainless steel spherical shell,
the structure of the EH, the TM model and the geometry of
the proton beam. The EH is modeled by a molybdenum
(Mo) cubic shell, internally coated by 100 nm-thick gold
cubic shell, representing the EH internal gold coating. The
EH features a 6 mm-diameter circular hole in the middle of
every cube face, modeling the interferometry laser win-
dows [30]. These holes are relevant because of the beamed
flux of the incoming radiation. The width of the Mo volume
is chosen as a result of a weighted average of the real
material distribution of the EH, which includes less dense
materials (i.e. sapphire electrodes surrounded by mm-wide
vacuum gaps). To account for the known difference in
material budget between faces X and Y of the EH (see
Sec. II), two different simulations were performed with Mo
volume widths of 7.75 mm and 9.25 mm. This width
difference compensates for the expected difference in
average grammage from the distinct electrode configura-
tions of the two faces. The modeling of the TM is adapted
from that implemented in TMCTK, with the material of the
transition-metal bulk substituted from gold to copper. As in
TMCTK, the TM is immediately surrounded by a gold cubic
shell modeling its gold coating. Finally, the proton irradi-
ation is modeled generating a beam of protons character-
ized by a Gaussian intensity profile, with an FWHM
varying from 6.8 to 16 mm depending on beam energy,
on the basis of the specifications of the PT facility,
described in Sec. ITA. A 1% smearing in beam energy
is added to simulate the nominal energy spread of the PT
beam. The additional Al shielding described in Sec. II is
also included in the simulation. A graphical rendering of
the simulation geometry is represented in Fig. 6, that also
shows the trajectory of a proton hitting the side of the GRS
facing the beam in a typical experimental configuration.

The final output of the TMCTK GEANT4 module is the net
signed deposited charge on the TM in units of elementary

FIG. 6. Graphical rendering of the BART apparatus simulation.
A primary proton track stopping in the TM is shown in blue. For
display purposes, EH, vacuum chamber (gray spherical shell) and
Al shield are shown in wire-frame mode.

charge per primary proton that allows for the calculation
of the net charging on the TM. In addition, GEANT4 yields
the position and the momentum of each LEE contributing.
The electrostatic module of the TMCTK allows for tracing
the trajectories of these electrons across the lines of the
electric fields in the gap between TM and EH and for
computing the actual charge LEEs deposited on the TM.
The model allows for the computation of the electric field
lines and the tracing of charged particles in the TM-EH gap.
Only LEEs with energy E, large enough to overcome the
energy barrier from material to vacuum (W) are consid-
ered, according to the condition [31] E, cos? 0 > W [16].
The GEANT4 and the electrostatic models have offered the
capability to fully simulate the BART experiments provid-
ing, at the beginning, important insights for the design of
the experiment, and then the benchmarks against which we
compare to test the limits of the LEE modelization.

III. PERFORMANCE TESTING OF BART

To ensure the correct electronic configuration and that
the pressure level was low enough in the vacuum chamber,
a series of preliminary tests were carried out.

First, noise measurements of the apparatus were made
while keeping Vryy = 0 V. The electrometer was left in
acquisition for two consecutive nights, one at full scale
range of 20 pA, used during UV discharge and the lowest
energy beam measurements (< 100 MeV), the other at the
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FIG. 7. Noise spectrum of the BART electrometer with the two
full scales used. It is almost white as expected from a digitized
signal.
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200 pA full scale used at the higher proton energies.
From the spectra in Fig. 7, we estimate resolutions of
620 pa = 0.4 fA and 0509 ,o = 1.2 fA measuring for five
minutes a 10 mHz signal. These are more than enough
for the expected beam produced current of the order of
1-60 pA.

Proceeding to the experimental validation of the
apparatus, an initial verification of the correct electrical
configuration is performed by measuring the so-called
“dark current”, i.e. stray current due to imperfect iso-
lation of the TM from EH, such as the dashed line in
Fig. 3. Figure 8 shows the current measured at different
Vrm and a fit to Ohm’s law. We find R =38 £ 1 TQ
compatible with typical nominal Teflon resistance. This
value of Ry, induces detectable current offsets (of the
order of 100 fA—1 pA) by our apparatus, motivating the
need for modulation of the current sources as described

below. The thermal noise contribution from the Teflon
insulators is a small component of the noise spectrum. In

fact, the Johnson-Nyquist noise at room temperature is
estimated as ingse = 4k, T/Rieax = 2 x 10717 A/\/Hz.

As introduced before, in LISA, the TM will be kept
neutral within a few mV via the photoelectric effect
under UV illumination. This produces a photocurrent in
the 10-500 fA range (known from other experiments and
LPF) made of <1 eV electrons. Since this is 1-2 orders
of magnitude lower than the expected pA generated by
the proton beam, the demonstration of the ability of the
BART apparatus to measure it is a good test of the limit
sensitivity of the apparatus and of the correct electrical
configuration.

Figure 9 shows the photocurrent measured through
the electrometer for different values of the TM potential,
while illuminating either the TM or the EH with the
UV LED.

These discharge curves follow the typical behavior
observed in LPF and in the torsion pendulums in Trento
[17,32,33]. Both curves exhibit a saturation behavior
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FIG. 9. Left: Discharge curves for TM and EH illumination schemes. Error bars are contained within the point. Right: Example of a
single photocurrent measurement and fit, obtained with EH UV illumination and Vpy = 1.8 V.
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when |Vpy| > 1 V. This behavior is expected as the
residual kinetic energy of the emitted photoelectrons is
K, = Eyy — Way < 1 eV. At negative Vi, electrons are
accelerated away from the TM and attracted by the EH.
Conversely at positive V1, they are attracted by the TM
and repelled by the EH. The EH curve exhibits a less sharp
saturation for positive TM due to some light shining
partially in the gaps between electrodes and EH.

These measurements are performed modulating the light
source by a 10 mHz in-fiber shutter (chopper) while
keeping the test mass at a fixed Vrpy; for three periods
(five minutes). Figure 9 shows an example of the measured
current superimposed to the shutter status and the square-
wave fit. Odd harmonics Fourier series with an offset is fit
to the measured data, as follows:

9
s(t) = ag + ZA,, cos(w,t) + B, sin(w,1).

Lodd

For each V1, the fit is repeated over three periods, and the
resulting parameters are averaged to estimate the statistical
uncertainty. The first harmonic component gives the photo-
current estimate as iy = (7/4)B,. This procedure, which
allowed for achieving a resolution of 10 fA, was used to
measure the proton beam induced charging current. This
measurement scheme is the basis for the “end-to-end”
discharge test in preparation for the LISA Engineering
Model of the GRS [34].

TABLE 1.

IV. EXPERIMENTAL PROCEDURE

The experimental room of the PT facility shown in
Fig. 5 is equipped with a laser alignment system that
allows the precision positioning of the apparatus under
test on the three axes, marking the exact point in space
where the proton beam exhibits the nominal intensity
and width quoted for every available beam energy.
During the assembly of the BART apparatus, we marked
on the external of the vacuum chamber the positions
corresponding to the centers of the X,Y sensor faces.
Using this reference, we were able to align the proton
beam toward the center of the TM with an estimated
accuracy of 2 mm. The final distribution of protons
hitting the GRS face under study depends, besides on
the precision of the alignment, on the FWHM of the
proton beam. In Table I, the beam energies used in this
experiment and their corresponding beam FWHM and
proton flux intensities are reported. Typical distributions
of protons hitting the GRS, obtained using the TMCTK
simulation, are shown in Fig. 10 for two different beam
energies. The impact of the hole (i.e. number of protons
going through the hole and thus not passing through the
EH material) is estimated varying from ~10% to ~20%
passing from lower energies, where the beam is less
focused, to higher ones. The proton beam intensities
were chosen such as to guarantee an expected measured
TM charging current of the order of 1-100 pA, easily
measurable by the electrometer.

Charging current measured by the BART experiment at different beam energies (X face at top, Y face

bottom). The data refer to measurements done with Vyyy — Vi = 0. The table reports also the beam measured flux
on target and the nominal beam width at the impact point, i.e. BART vacuum chamber.

Beam energy [MeV] Flux on target [p/s]

Beam FWHM [mm)]

0-bias current on face X [pA]

198.0 £2.0
228.0+2.3

3.70 £0.18) x 108
9.00 + 0.45) x 108

72.0 +0.7 (5.50 £ 0.27) x 107
83.0+0.8 (6.75 £0.33) x 107
91.0+0.9 (1.00 + 0.05) x 107
98.0 £ 1.0 (1.20 £ 0.06) x 108
108.0 £ 1.0 (1.05 £ 0.05) x 103
1250 £ 1.2 (1.65 £ 0.08) x 108
136.0 + 1.4 (1.15 £ 0.60) x 103
1540+ 1.5 (0.95 £ 0.05) x 108

( )

( )

15.9 0.561 £0.003
15.2 0.430 + 0.004
14.6 1.711 £ 0.005
13.7 6.50 +£0.02
13.4 16.43 £0.02
12.3 23.79+£0.04
11.3 16.70 £0.01
10.2 13.60 £ 0.01
8.1 42.25 +£0.06
6.8 —2.249 £+ 0.008

Beam energy [MeV] Flux on target [p/s]

Beam FWHM [mm)]

0-bias current on face Y [pA]

72.0£0.7 (5.20 £ 0.26) x 107
83.0+£0.8 (6.50 +0.32) x 107
91.0£0.9 (1.02 £0.05) x 108
108.0 + 1.0 (1.10 £ 0.05) x 108
136.0 + 1.4 (1.20 £ 0.06) x 103
1540+ 1.5 (1.00 + 0.05) x 108
198.0 +2.0 (3.85£0.19) x 108
228.04+2.3 (1.00 £ 0.05) x 10°

15.9 0.384 £0.003
15.2 1.188 £ 0.002
14.6 3.562 + 0.006
13.4 17.44 +£0.03
11.3 17.22 £0.02
10.2 14.15+£0.02
8.1 429+0.1
6.8 84.21 £0.09

043010-8



OBSERVATIONS OF LOW-ENERGY-ELECTRON PRODUCTION ...

PHYS. REV. D 114, 043010 (2026)

T LI e L e

T T[T T T T[T T T[T T[T T T T oTT

5o
>
=1 20
-2
£ 10
_3_
4t Lo b o b Do Do b G
-4 -3 -2 -1 0 1 2 3 4
X [cm]

1140

E ] 120

100

1840

F ) - 20

X [em]

FIG. 10. Distribution of primary protons from 72 MeV (left) and 228 MeV (right) beams on the GRS face (black solid contour)
simulated by TMCTK. The center of the GRS face features a 6 mm-diameter hole, as described in Sec. II B. The colored axis scale refers

to the number of simulated events.

As done in the performance testing phase (Sec. III), we
employed 10 mHz square wave modulation of the proton
irradiation at every energy in order to disentangle the
measurement of the charging current from any possible
current bias or drift. During the irradiation, we varied in
steps the EH potential in the [-10, 10] V range or in the
[-2,2] V range, with the TM held at virtual ground by the
electrometer input. We measured three periods of the
modulation square wave for each potential, for a total
irradiation time of the order of 30 minutes per beam energy.
As an example, the left panel of Fig. 11 shows the proton
flux time series of one particular BART measurement
campaign, corresponding to beam energy of 100 MeV,
measured by the ionization chamber of PT facility. The
right panel of the same figure shows the corresponding
charging current measured by the BART apparatus, for
different values of bias potential Vg applied to the EH
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Q
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FIG. 11.

I [pA]

every three cycles of the modulating square wave. As can
be seen, the measured current value is fully time correlated
with the on/off status of the beam, confirming the detec-
tion of the TM charging process. Again, the amplitude of
the charging current was extracted through Fourier analy-
sis of the current time series measured by the electrometer
(see Sec. IID).

V. DISCUSSION OF RESULTS

In this section, we present the BART experiment results:
we first discuss the measurements of TM charging with
Vim — Vea = 0 (Sec. VA). Next, we present the variation
of the charging current as a function of the TM-EH
potential difference (Sec. V B) and compare it with
(Sec. VC) the expectations from the modified TMCTK
toolkit described in Sec. II B. From the observed variation

10
81 L»M“N -t 10
M
6 L
. 5
s
o
2<
5
04 Ut L,‘ W ‘“’J
2 L ~10
0 250 500 750 1000 1250 1500
time [s]

Example of time series acquired during irradiation at 100 MeV. Left: Proton counts measured by the PT ionization chamber.

Right: Time series of the charging current measured by the BART apparatus. The red curve, referenced to the right-hand axis, shows the
EH bias voltage applied with respect to the test mass during the measurement, in blue. The spikes in the measurement of the current
correspond to the “fast” charging of the TM-EH capacitor when the voltage bias is changed.
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of charging current, we explore for the first time the energy
distribution of the LEEs (Sec. V D).

A. Net charging with 0V bias

The net charging of the TM with no bias applied to EH is
shown in Fig. 12 in comparison to TMCTK simulation
results. The quantity in the Y axis is the net charging Axgr
normalized by the intensity of the incident proton flux @,.
In the simulation, Angr is computed [15] as

j=too

Iner =Y JAp

J==%0

where j is the net signed charge deposit in units of
elementary charge e on the TM and 4; is its rate of
occurrence measured in s~!. The equivalent rate intensity
®, is computed starting from the number of simulated
proton events N, as ® » =N /At, where At is the equivalent
simulated beam time. The resulting quantity Angr/®, is
dimensionless and is a measurement of the average con-
tribution of every proton at different energies to the total net
charging of the TM in units of e.

The result obtained from the simulation is shown as
dashed lines in Fig. 12. The blue (red) line represents the
result obtained with the simulation tuned to match face X
(Y) material distribution. The shadowed uncertainty bars
include uncertainty from material budget estimation and
from beam energy spread.

Starting from left (lower beam energies), one can
observe the energy region below 90 MeV where protons
are unable to penetrate the material around the TM,

T L e B B B
1 ]
08— 7 4 —
& B ]
0.6 — —
- - - BART ement - X face —
w L ]
z
< 0.4 ; —@— BART measurement - Y face ’
B Sim. (Gold TM)
02— | Simulation (Face Y)
B Simulation (Face X) -
0 — o —
e b by b b b b by by
0.06 0.08 0.1 012 0.14 016 0.18 0.2 0.22 0.24

Energy [GeV]

FIG. 12. Net charging per incident proton (4,/®p) measured
with the BART experiment irradiating X (red points) and Y (green
points) of the GRS, as a function of proton beam energy. The
experimental data refer to measurements done with
Vim — VEg = 0. Continuous lines, dashed lines and shaded
areas represent the corresponding results from TMCTK simula-
tions, as described in the text.

resulting in a negligible TM charging. Next, a sharp rise
between 90 and 100 MeV marks the energy threshold
where the protons start getting through the surrounding
material and hit the TM. After the threshold, the trend
shows a plateau with Axgr/®), value between 0.8 and 0.9.
The value, close but smaller than 1, shows that the
dominating phenomenon here is the stopping of the protons
in the TM material, charging it with a +-e. The plateau value
(<1) is compatible with previous TMCTXK results with CR-
like irradiation [19], which showed slightly higher electron
emission from the EH than from the TM. This causes more
electrons to enter the TM with respect to those leaving it,
yielding an overall negative average contribution of elec-
trons to TM charging in this energy range. The plateau
continues until the proton energy becomes sufficient for
complete penetration of the TM, where a drop to Axgr ~ 0
is expected. In the flight model, characterized by Pt-Au
TM, this dropoff is expected at energies of several GeVs. In
the BART experiment, exploiting the less dense copper
bulk of the TM, this effect is observed in the PT beam
energy range, marking at ~180 MeV the limit of the
representativeness of this test for the flight conditions.
The directional irradiation used in BART produces only
second-order effects on TM net charging. Under isotropic
irradiation, the effective material thickness traversed by
particles depends slightly on their arrival direction.
Consequently, the sharp charging threshold in Fig. 12 is
expected to be smoothed, and the absolute charging rate
may differ by an amount comparable to typical geometrical
uncertainties in charging simulations. However, the char-
acteristic energy scale associated with the onset of net
charging is expected to remain largely unchanged. The
results in Fig. 12 should therefore be interpreted as a
benchmark of the beamed BART configuration and of the
low-energy part of the charging process, rather than as a
direct prediction of the inflight LISA charging spectrum.
The experimental data for Aygr were calculated as

ANET = icn/ e,

where iy, is the measured value of the charging current
extracted using the Fourier square wave analysis described
in Sec. IV and e is the elementary charge, while ®,, can be
directly measured using the PT ionization chamber, put in
front of the apparatus, obtaining an estimation of Aygr/®,,.
The uncertainty on the quantity is dominated by the 5%
uncertainty quoted for the ionization chamber measurement
of ®,. The uncertainty on measured currents, obtained
from the fit procedure explained in Sec. III, is reported in
Table I and results are negligible with respect to the
ionization chamber measurement one, thanks to the low

noise level (~10 fA/ VHz) of the electrometer. Other
sources of uncertainty in the current measurement are
imperfect beam alignment and pointing towards the center
of the GRS face. From dedicated studies done with the
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TMCTK, they resulted <1% in the whole energy range, and
were added in quadrature the ones already described. The
results regarding the measured Axgr/®), are also reported
in Fig. 12. The two sets of measurements regards two
different measurement campaigns, obtained irradiating the
faces X and Y of the sensor. As can be seen, the overall
qualitative behavior of both measurements is in line with
the expectations from the TMCTK simulations, showing the
expected sharp rise at proton energies between 90 and
100 MeV and a gradual decrease after 170 MeV. Below
140 MeV, the level of difference between the two sets of
measurement are compatible with the spread of simulation
results caused by the grammage difference of the two faces
of the EH. Moreover, as expected, the denser face X shows
a threshold at slightly higher energies with respect to the Y
face. The experimental data show instead a significant
difference with respect to the simulation at high energy,
between 180 and 240 MeV: the decrease in data is more
gradual, and starts at lower energies. At 228 MeV, the TM
charging drops to some small negative values while
irradiating the X face, suggesting that all the protons
crossed the TM without depositing charge. The difference
with respect to simulation and more importantly to Y face
illumination was unexpected and also contradictory to the
fact that for Y face beaming that behavior did not occur
[35]. A dedicated investigation of this discrepancy was
conducted using both numerical simulations and exper-
imental measurements. A first study was performed to
disentangle a possible effect of the holes in faces X and Y,
systematically varying the beam impact point on the GRS
surface by up to 1 cm. Moreover, on the simulation side, an
additional analysis was performed to quantify the effect of
uncertainties in beam alignment and TM density. None of
the variability induced by these effects was sufficient to
account for the observed discrepancy. A possible explan-
ation may involve a surplus of electron emission from
surfaces in this energy range, in particular the secondary
population of electrons predicted by the simulations at
energies between 30 and 100 eV (see Fig. I). Such
electrons cannot be directly investigated with the present
setup because the maximum voltage bias that can be
applied between TM and EH is 10 V, limiting the
reconstructed electron spectrum to energies below approx-
imately 10 eV. Additional experimental studies are there-
fore required to test this hypothesis, to be addressed in
future work through a systematic exploration over a broader
range of bias potentials.

B. Observations of LEEs in charging
with variable TM-EH voltage bias

In this section we report the results obtained varying the
voltage bias on the EH.

Based on the results of the TMCTK [19], the energy
distribution of the LEEs emitted from the gold surfaces is
strongly peaked at kinetic energies below ~4 eV, so the

strongest variation of charging is expected at very low
voltage biases. For this reason, for most of the beam
energies reported in Table I we performed a scan in voltage
in the range [—2,2] V with a granularity of seven different
voltages. For several values of energies (91 and 98 MeV for
face Y; 83, 91, 98 and 228 MeV for face X) we explored a
wider range, [—10, 10] V, to search for a saturation effect
possibly caused by the sharp drop of the LEE energy
spectrum at energies above ~5 eV observed in the simu-
lations [19].

In the two top panels of Fig. 13, the results of this
investigation are shown, reported as variation of measured
current Ai(V) =i(V) —i(0), where i(0) is the charging
current measured with 0 V bias applied (reported in
Table I), as a function of the TM potential bias with
respect to EH. As can be seen, the current variation due to
redirection of LEEs is significantly visible for all beam
energies. Negative TM biases lead to a positive variation of
charging current, consistent with negative TM repelling
LEEs that would otherwise have hit its surface. The
opposite is true for positive TM bias. This is the first
experimental evidence of the role of LEEs in a controlled
ground experiment with a flight-representative GRS sensor.
As can be seen, the curves show different Ai amplitudes,
indicating that the amount of LEEs changes with beam
energy. The shape of the curves results are instead
qualitatively compatible between each beam energy. This
is shown in the lower panels of Fig. 13, where all the
experimental curves were normalized to superimpose on
each other: clearly the energy spectrum of LEEs is poorly
dependent on the kinetic energy of the primary particle, as
expected for a phenomenon purely linked to the work
function of the TM and EH surfaces. We exploit this feature
to extrapolate those measurements done in the +2 V EH
bias Vgy interval to 10 V and compare them with the
TMCTK simulations. Finally, the measurements done in the
wider voltage range show signs of a charging current
saturation for voltage biases higher in modulus than 4 V,
especially on the negative bias sector, indicating that the
majority (>80%) of LEEs have a kinetic energy
below ~4 eV.

C. LEE emission: Comparison with simulations

In this section, the results discussed in Sec. VB are
compared to the results obtained with the COMSOL electro-
static model of the TMCTK toolkit, as described in Sec. II B.
Exploiting the similarity of the measured Ai curves, the
experimental results are extrapolated to the [—10,10] V
bias voltage range for the cases in which only the mea-
surement in the [-2,2] V range was performed, using the
curve obtained from 98 MeV on Y face measurement as a
template. The measurements for X and Y face and the
extrapolations are shown in Fig. 14, compared with simu-
lation results. As can be seen, the results from simulations
show a qualitatively similar trend to the measured ones,
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exhibiting a similar saturation behavior for TM bias
voltages above 4 V. The experimental and simulated curves
exhibit a different shape near the origin, as shown in the
insert in the top center panel of Fig. 14. That has been
linked to the modeling of the angular dependence of the
gold work function discussed in Sec. II B. In particular,
the almost null derivative of the simulated curve around the
0 V bias suggests that the combined effect of simplified
geometry and emission angular dependence in the model
penalizes too much the emission at lower electron energies
(below ~1eV). A deeper investigation, both on the
experimental and the simulation sides, is needed to confirm
this insight.

The Ai saturation value can be considered in both
measurements and simulations as a proxy of the total size
of the pool of LEEs escaping the surfaces and migrating
from TM and EH. As can be seen from Fig. 14, this
magnitude is systematically underestimated by the current
simulations, by a factor of 2-3.

To further characterize LEE emission, we studied the
negative saturation value of Ai as a function of the proton
beam energy, to estimate the relative contribution of LEEs
to the total TM charging. The results, normalized by the
incident proton flux, are shown in Fig. 15 for all measured
beam energies. The experimental data show that LEEs

are visible from primary proton energies above the
~80-90 MeV threshold [36], peaking at about 110 MeV.
We note that data from X and Y face beaming are slightly
shifted in energy, with the latter anticipating the LEE
production consistently with a lower entrance threshold for
the protons.

As the proton energy increases further, the smaller
amount of ionization leads to a decrease in LEE production.
Above ~200 MeV, an increasing fraction of primary
protons have sufficient energy to fully traverse the TM,
enabling additional LEE emission from the rear surfaces of
both the TM and the EH. This effect produces a second
increase in the measured |Ail/®,.

The same qualitative behavior is reproduced by the
simulations with a lower intensity, but with a steeper
activation threshold around 100 MeV. This difference is
plausibly again attributable to the simplified geometric
representation adopted in the simulation, which assumes a
uniform EH thickness across the GRS face. In contrast, the
real sensor features a local variability in the material
distribution due to the presence of the gaps separating
the electrodes from the grounded housing, allowing a
fraction of protons with energies below ~80 MeV to reach
the TM. This results in the more gradual onset observed in
the experimental data.
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FIG. 14. Comparison of the measured and simulated A/ as a function of the applied test mass bias voltage. BART measurements are
shown for face X (filled squares) and face Y (open squares) and are compared with the prediction of the joint TMCTK-COMSOL
simulation tool (dashed line). The shaded region indicates the extrapolation of the face X measurement over the voltage range
[-10, 10] V. The insert in the top center panel shows an enlargement of the center part of the plot

D. Characterization of LEE emission spectrum

Starting from the experimental curves shown in Fig. 14,
it is possible to extract information on the energy distri-
bution of the LEE emitted from the gold surfaces of the TM
and EH. In particular, we focus on the negative-saturation
region of the Ai(V) curves. The applied negative TM bias
acts as an electrostatic barrier for electrons emitted from
the EH. Electrons with kinetic energy below e|V| are
prevented from reaching the TM, while only those with
higher energy contribute to the measured charging current.
As a result, increasing the magnitude of the negative TM

bias progressively suppresses electrons of higher and
higher kinetic energy.

The variation of the measured current between two
consecutive bias values, Vio and Vi, therefore is directly
proportional to the number of electrons with with kinetic
energies in the interval

e|Vj‘ < Ee < e‘Vj_l‘.

This provides a direct way to probe the energy distribution
of the emitted LEEs. In practice, we can estimate the
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differential energy spectrum of the EH emitted LEEs as a
numerical derivative of the negative-saturation branch of
the Ai(V) curve, as follow:

where V; is the j" applied TM bias voltage. The quantity 0;
is proportional to the number of electrons in the corre-
sponding energy interval and can therefore be interpreted as
an approximated estimate of the differential energy spec-
trum of the emitted LEEs, neglecting higher-order con-
tributions, including those arising from the geometry of the
GRS and from the distribution of electron emission angles.

Figure 16 shows the normalized quantity 6;/ipm,, as a
function of the electron kinetic energy, approximated as
E, ~e|V,|. Here, iy, denotes the charging current mea-
sured at (or extrapolated to) a TM bias of —10V,
corresponding to the regime in which essentially all EH
emitted electrons are suppressed, while TM emitted elec-
trons are unaffected. The normalization allows comparison
of the spectral shape across different beam energies. In the
same figure, the same calculation performed on the curves
obtained through the joint TMCTK-COMSOL simulation
model at a beam energy of 137 MeV is shown as a
comparison. Experimental and simulated spectra are both
largely independent of the primary proton energy. The
comparison shows that experimental data suggest a much
flatter spectrum for LEEs with respect to the prediction of
the model, and an important relative excess of LEEs at
energies below 2 eV and above 5 eV. The discrepancy
between simulated and measured spectra may partly
originate from the modeling of electron emission from
gold surfaces: While the low-energy region is sensitive to
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FIG. 16. Measurements of LEE energy spectra emitted in the
TM-EH gap measured by BART, compared with the prediction
of the TMCTK simulation (GEANT4 module + COMSOL electro-
static FEM for LEE propagation in the TM-EH gap) described
in Sec. II B.

the modeling of the work function (and possible surface
contamination), the harder tail observed above about 4 eV
is largely insensitive to it, indicating limitations in the
current emission model.

VI. CONCLUSIONS

The charging of free-falling test masses by energetic
particles is a significant disturbance source for space-based
gravitational-wave observatories. Although numerical sim-
ulations have been extensively employed to model this
process, their validation has been constrained by the
scarcity of controlled experimental data—most notably
regarding the influence of low-energy secondary electrons.
In this work, we present and implement an accelerator-
based experimental campaign specifically designed to
directly measure proton-induced test mass charging in a
configuration representative of the LISA Gravitational
Reference Sensor.

The experiment demonstrates that irradiating a flight-
representative test mass and electrode housing with mono-
energetic proton beams in the 70-230 MeV energy range
yields measurable charging currents substantially above an
electrometer system’s instrumental noise floor, confirming
the suitability of the experimental apparatus for precision
charging investigations. The measured charging rates are
consistent in magnitude with expectations derived from
prior simulation studies, once scaled to the applied beam
intensities.

A central experimental finding is the pronounced
dependence of the measured charging current on the
applied test mass potential. This dependence, indicating
the presence of charge carriers whose trajectories and
collection efficiencies are strongly influenced by the
local electrostatic potential, provides direct experimental
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evidence of the role of LEEs in the charging dynamics of a
LISA-like GRS.

To our knowledge, these measurements constitute the
first controlled laboratory observation of proton-induced
test mass charging in a LISA-like sensor geometry, with
explicit sensitivity to low-energy electron processes. The
results confirm the physical picture inferred from LPF
observations, where LEEs are accounted responsible for the
observed saturation value of the TM potential.

Another important experimental result of this work is the
first measurement of the energy distribution of LEEs,
reconstructed from the dependence of the charging current
on the applied test mass bias, which acts as an electrostatic
energy filter.

The measured LEE spectrum was found to be largely
independent of the energy of the incident protons over
the explored range. A comparison with predictions
obtained using a state-of-the-art GEANT4-based test mass
charging simulation toolkit—employing the GEANT4-DNA
library to model LEE production at gold surfaces and
COMSOL to simulate their propagation in the electrostatic
fields of the sensor gap—reveals significant discrepan-
cies. In particular, the measurements show a pronounced
excess of electrons at kinetic energies below 2 eV and a
harder spectral component above 5 eV. Integrated over
the 0-10 eV range, the total low-energy electron yield
exceeds the simulation expectations by a factor of
approximately 2-3.

These results provide new experimental constraints on
low-energy electron emission processes in LISA-like
sensors. They highlight limitations in the current modeling
of surface emission and electron transport and represent
an essential benchmark for the validation and further

development of simulation tools used to predict test mass
charging in space-based gravitational-wave observatories.
Moreover, they show that accelerator-based experiments
can directly probe charge-deposition and secondary-
emission mechanisms under well-controlled conditions,
reducing reliance on simulations alone. More broadly, this
work provides a practical, scalable framework for validat-
ing key disturbance mechanisms for next-generation pre-
cision space interferometry missions.
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