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Abstract

Galactic cosmic rays and solar energetic particles will induce spurious Coulomb
forces on free-falling, gold-platinum test-masses on board the future interferom-
eters for low-frequency gravitational wave detection in space. The European
Space Agency mission LISA Pathfinder (LPF) was aimed to test the perfor-
mance of instruments that will be placed on board LISA (Laser Interferometric
Space Antenna), expected to be launched in 2034. Free-falling test-mass charg-
ing was measured on board LPF in 2016-2017. Simulations of this charging
process were carried out before the mission launch with GEANT4 and Fluka
Monte Carlo tools. A very good agreement was found between net charging
measurements and simulations, while the shot noise, associated with the charg-
ing process, resulted 3-4 times larger than expected. New dedicated simulations
aiming to study in detail the low-energy electron emission from metal electrodes
surrounding the test-masses reveal that the mismatch between measurements
and former simulations may be due to the lack of propagation of electrons with
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energies smaller than the average ionization potential in the Monte Carlo tools
mentioned above. Preliminary results are presented and discussed here.

Keywords: Instrumentation: Interferometers; Cosmic-ray interactions

1. Introduction

LISA Pathfinder (LPF) [1, 2, 3, 4] was a space mission dedicated to the test
of the technology that will be placed on board LISA, the space-borne interfer-
ometer of the European Space Agency aiming to the detection of low-frequency
gravitational waves (GWs) between 10~* and 10~! Hz [5].

The LPF spacecraft (S/C) was launched with a Vega rocket from the Kourou
base in French Guiana on December 3, 2015 and reached its final orbit, around
the first Lagrangian point L1 at 1.5 million km from Earth in the Earth-Sun
direction, by the end of January 2016. The heart of the LPF satellite is a system
of two 2-kg test-masses (TMs), made of a gold-platinum alloy which play the
role of mirrors of the on-board interferometer. A system of electrodes allows
for the actuation and position measurement of the TMs that must nominally
remain in free fall, centered within the electrode housing. LPF proved that
the technology for space-borne GW detectors is mature for having measured a
residual spurious acceleration of the TMs of the order of femto-g, by exceeding
the most optimistic expectations [4]. The mission ended on July 18, 2017.

One of the major concerns before the mission launch was to correctly esti-
mate the low-frequency acceleration noise due to the charges deposited in the
TMs by galactic cosmic rays (GCRs) and solar energetic particle (SEP) in-
teractions. Particles from keV to GeV energies are accelerated in the inner
heliosphere by shocks produced by coronal mass ejections and in solar flares.
No SEP event characterized by an overall particle flux larger than the GCR
background occurred during the period LPF remained in orbit. Consequently,
it was possible to study only the role of GCRs with energies exceeding 100 MeV
n~! penetrating the spacecraft material (about 13 g cm~2) and charging the
TMs. Predictions of GCR fluxes were carried out to estimate the net and effec-
tive TM charging for the time period the mission was supposed to be orbiting
around L1 [6, 7, 8, 9]. The net charging simulations resulted in agreement with
observations, while the effective charging (charging shot noise) was underesti-
mated by a factor 3-4 [10]. The optimum agreement between net charging and
observations indicated that the simulations benefited of good predictions of the
GCR fluxes while, the high experimental values of the shot noise compared to
simulations, seemed to suggest that seldom only a large number of particles were
released in the TMs by affecting the shot noise but leaving the net charging ba-
sically unchanged. The most plausible Monte Carlo simulation limitations were
ascribable to the lack of proper electron propagation down to about 10 eV in
metals in Monte Carlo tools GEANT4 [11] and Fluka [12, 13]. Ten eV electrons
have mean free paths of approximately 10 A in gold and do not show yet quan-
tum mechanical behavior. The propagation of such low-energy electrons is often



neglected, since it increases enormously the simulation time while, in general,
does not affect the results'. However, this approach was not appropriate in the
case of LPF that allowed to monitor the electron production at the separation
of gold-platinum surfaces induced by GCRs for the first time.

A dedicated Low-Energy Ionization (LEI)?> Monte Carlo was developed. The
first version was written in Wolfram Mathematica, but the execution time was
not optimal, since, for instance, computing time of a few hours was needed to
simulate incident protons. The Python language did not allow for better re-
sults, therefore a new version of the program was written in Fortran 95. This
last version takes about 20 minutes for the proton simulations. Further im-
provements may be considered in the future especially for incident nuclei that
require computing times larger than for protons.

This paper is organized as follows: in Section 2 the pre-launch LPF TM
charging simulations are reported; in Section 3 the LEI Monte Carlo program
is illustrated and in section 4 results are presented and discussed.

2. LPF test-mass net and effective charging

The net charge deposited in the LPF TMs (A,c¢) and the shot noise associ-
ated with the effective charging (A.rs) are defined as follows (see [9]):

+o00 +00
Anet = Z InetNjer Aeff = Z (jeff)z/\jeff (1)
Jnet=—00 jeffzfoc

where jne: is the net charge deposited by each cosmic ray particle interaction
calculated by algebraically summing up the contribution of positive and negative
charges and jesy is the effective charge deposited in terms of equivalent single
charges by summing up the contribution of both positive and negative charges.
Ajne. and Aj . . are the occurrence rate of the associated deposited charge. Please
note that A,e; and Acpy in eqn. (1) have the same meaning than in eqns. (10)
and (11) in [9]. In this work we have chosen to adopt different symbols for jye:
and jesy for helping the reader instead of explaining the difference in the text
only as it was done in ref. [9].

The measured TM charging at the beginning of the mission is reported in
table 1 [10]. The simulations described in [6, 7, 8, 9] carried out with protons
and helium nuclei as incident particles predicted a net charge ranging between
15 and 33 et s7!, in line with the measured values, while for the effective
charging the simulations predicted a value around 300/400 e s~1, about a factor
3-4 below the measured value.

IRecently, after the publication of the papers [6, 7, 8, 9], the PENELOPE models for
GEANT4 were released [11]. The PENELOPE models allow for the propagation of electrons
with energies above 65 eV. This is an important improvement, but still insufficient for the
LPF application we are dealing with in this work.

2The LEI program can be downloaded from https://pasme.uniurb.it/.



Test Mass 1 Test Mass 2
Anet +22.9 +24.5 et st
Aeff 1060 490 1360 £ 130 es!

Table 1: Net and effective charging of LPF TMs measured on April 20-23, 2016 [10].

In order to investigate the origin of this mismatch, the dedicated LEI Monte
Carlo program was developed as illustrated in the next section.

3. The LEI Monte Carlo program

To our knowledge, no Monte Carlo tool allowing for the propagation of low-
energy electrons (down to eV scale) generated by the interaction of high-energy
ions in metals is publicly available.?> The LEI Monte Carlo program was written
to provide the number, n, of electrons with kinetic energy F emitted at the
separation of metal surfaces on the basis of the differential flux parameterized
by Cucinotta et al. [15] for incoming ions:

dn  2wNe* Z2 B’E  wBZ* [E E
— =2 |l - — Syf—(1—-——=— || d 2
dE_ meEE | B, 17 \En ( Em> v @)
where 8 = v/c is the ion velocity, while:
2mc?
E, = 3
1 _ /62 ( )

is the maximum kinetic energy that can be transferred to a single electron, N is
the electron density of the material and dz its thickness; m and e are electron
mass and charge, respectively, and finally

1253
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is the effective charge of nuclei with atomic number Z (not to be confused with
the effective charging). The energy spectra of the simulated incident ions is
generated by properly weighting the GCR, flux interpolated with the function:

Z, =27 (4)

f(E)=A(E + b)’O‘EB Particles m ™25 tsr'GeV !

in the range 0.1-200 GeV (see [16] for details). For the LPF mission beginning,
when the effective charging was measured, the parameters A, b, « and f are

3The program TRAX [14] allows for the propagation of low-energy electrons, but the energy
of the primaries is limited to 100 MeV while the GCR energy is several orders of magnitude
higher.



Nucleus ‘ A b «@ 8

p 18000 1.19 3.66 0.87
He 850 0.96 3.23 0.48
C 23 0.99 3.10 0.35

Table 2: Parameter values of the energy spectra interpolations adopted in this work [9, 16].

indicated in table 2 for protons (p), helium (He) and carbon (C) nuclei. Nitro-
gen, oxygen, neon, magnesium, silicon and iron nuclei were also considered in
the simulations. The energy differential fluxes of these nuclei were obtained by
considering the same parameters b, o and S used for carbon while to the param-
eter A the values 5.9, 21, 3.4, 4.2, 2.9, and 1.9, respectively, were assigned [16].
GCR particle initial positions and angle of incidence were randomly generated
on a sphere surrounding the external surface of the electrodes in order to save
computing time, since LEI allows for the propagation of ions with a step length
of 1 nm and of electrons with a step length of 1 A. At each step, the energy
deposited in the material is subtracted from the ion energy. The energy of each
produced electron is also subtracted from the incoming ion energy. The electron
energy is generated as indicated in eqn. (2). The electron direction is assigned
on the basis of the following eqn. (5) according to Cucinotta et al. [15]:

E

En

cosf = (5)
where 0 is the escaping electron direction with respect to the incident ion direc-
tion. Electrons are propagated until leaving the electrodes or stopping in the
material. The minimum energy of the produced electrons was set to 10 eV to
limit the simulation time and to avoid quantum mechanics effects. Only the
geometry of the LPF TM housing was implemented in LEI (see figure 1).

4. Low-energy electron emission at gold-platinum electrode-TM sur-
face separation

Incident particles were impinging on the 0.9 pm Ti+Au electrode coating
surrounding the TMs. Due to the nanometer to angstrom range of very low-
energy electrons, these particles escape the electrode surface only if produced
at the very edge of the material layer.

For each ion species, two simulations were performed in order to disentangle
the role of the primary and secondary ionizations. By considering only the
primary ionization (second column of table 3), a few hundreds of low-energy
electrons were emitted at the electrodes surface and were deposited in the TMs.
The dominant effect contributing to the effective TM charging is given by the
secondary ionization that increases the number of emitted electrons by about a
factor of 5 (see third column of table 3). The overcoming role of the secondary
ionization was expected (see for example [17]).
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Figure 1: Geometry of the LPF electrode housing. In yellow the cubic TM made of gold with
side of 4.6 cm is presented. The TM is enclosed into the TM housing which contains the
electrodes (in red and green) of 0.9 pum thickness. A gap of 3 mm is present between the TM
and the electrodes.

Primary
Ton Primary + secondary Percentage of  Attenuated flux
ion. (e~ s7) ion. (e~ s7!) interacting ions (em s71)
p 79 612 7.5% 566
He 165 457 19.5% 368
C 9 212 28.5% 162
N 1 24 31.0% 17
(0] 4 133 32.5% 90
Ne 2 44 34.0% 29
Mg 36 192 35.5% 124
Si 6 30 39.0% 18
Fe 36 39 50.5% 18
TOTAL 341 1740 1392

Table 3: In the first column the ion species considered for the LEI simulations are indicated.
In the second and third columns are reported the number of electrons deposited in the LPF
TMs, produced by primary ionization and by primary and secondary ionizations. In the fourth
column the percentage of interacting nuclei in the S/C is reported, while in the fifth column
the number of electrons produced after the attenuation of incident particle fluxes is shown.

The results of the simulations described above constitute an approximate
estimate of the low-energy electrons deposited in the TMs, because nuclei and
target fragmentation, ionization energy losses and hadronic interactions in the
material surrounding the TMs were not considered. The particle flux attenua-
tion due to the passage of particles through the material surrounding the TMs
was calculated on the basis of the cross section for nucleus-nucleus interactions



given by Westfall in [18] for energies > 10 GeV n~!. Results are reported in

column four of table 3. In the fifth column of the same table the number of
the electrons produced after the ion flux attenuation is indicated. By compar-
ing the fifth column of table 3 with the measurements reported in table 1, it
can be observed that, by considering a conservative uncertainty of 30% affect-
ing these simulations, that the low-energy electron charging of the TMs after
the flux attenuation appears in good agreement with the measured one. The
overall uncertainty was estimated as follows: a typical 10% uncertainty must be
considered for the incident GCR fluxes as it was shown in [19] where the GCR
proton integral flux prediction for the LPF mission beginning was found about
10% lower when compared to contemporaneous, analogous measurement of the
AMS-02 experiment. Another contribution to the result uncertainty comes from
the adopted Westfall cross section [18] which overestimates the attenuation of
the incident flux at low energies (about half of the incident particles) by a factor
of 2. The lack of particle ionization energy losses in the material surrounding the
electrodes partly compensates the overestimated flux attenuation at low ener-
gies due to the use of the Westfall cross section [18]. For instance, Monte Carlo
simulations show that protons below 200 MeV/n and heavy nuclei below 600
MeV /n do not reach the TMs due to ionization energy losses in the LPF S/C.
This amount to a few percent of protons and about 25% of the nuclei sample. In
order to better constrain our results, an upper limit to the low-energy electron
charging due to protons incident on the TMs was set on the basis of a prelimi-
nary simulation where incoming particles were propagated with Fluka through
13 g cm~2 of aluminum (about the same grammage of the LPF satellite) before
entering the TMs; the most abundant particle species (electrons, positrons at
energies > 1 keV and pions) were propagated using LEI through the electrodes
surrounding the TMs. The results of these simulations are considered an upper
limit for low-energy electron emission, because hadronic interactions are char-
acterized by a large transverse momentum and therefore in a wide geometry
a smaller number of particles is supposed to reach the electrodes surround-
ing the TMs with respect to adopting a compact material arrangement. It was
found that secondary charged particles are produced in a comparable number of
the incoming protons thus producing an additional large number of low-energy
electrons, that increases by 33% the charging induced by primary protons. This
estimate was carried out by tracing with Fluka every particle entering and es-
caping the aluminum slab. Escaping particles were used as input data for the
LEI program.

5. Conclusions

The LPF TM effective charging measurements revealed that the experimen-
tal results were severely under-estimated by Monte Carlo simulations. In this
work we have explored the possibility that the lack of propagation of low-energy
electrons in the material surrounding the TMs in Monte Carlo simulations might
be responsible for the mismatch between estimates and observations. New simu-
lations were carried out by using the dedicated program LEI which allows for the



propagation of low-energy electrons down to 10 eV. For a future more accurate
work, we aim to implement the full LPF S/C geometry native in Fluka. GCR
flux normalized on the basis of observations will be used in the simulations.
Primary and secondary particles reaching the electrodes surrounding the TMs
will be used as input data for LEI. The same will be done for particle escaping
the TMs. The low-energy electron component estimated with LEI will be added
to the Fluka simulations in both net and effective charging calculations.
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