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Measuring the Galactic Cosmic Ray Flux with the LISA Pathfinder Radiation
Monitor
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Test mass charging caused by cosmic rays will be a significant source of acceleration noise for space-
based gravitational wave detectors like LISA. Operating between December 2015 and July 2017, the
technology demonstration mission LISA Pathfinder included a bespoke monitor to help characterise
the relationship between test mass charging and the local radiation environment. The radiation
monitor made in situ measurements of the cosmic ray flux while also providing information about
its energy spectrum. We describe the monitor and present measurements which show a gradual
40% increase in count rate coinciding with the declining phase of the solar cycle. Modulations of
up to 10% were also observed with periods of 13 and 26 days that are associated with co-rotating
interaction regions and heliospheric current sheet crossings. These variations in the flux above the
monitor detection threshold (=~ 70 MeV) are shown to be coherent with measurements made by the
IREM monitor on-board the Earth orbiting INTEGRAL spacecraft. Finally we use the measured
deposited energy spectra, in combination with a GEANT4 model, to estimate the galactic cosmic
ray differential energy spectrum over the course of the mission.

I. INTRODUCTION

Launched in December 2015 and operated until mis-
sion completion in July 2017, LISA Pathfinder (LPF)
was a European Space Agency mission that successfully

* Deceased 30 March 2017 demonstrated the feasibility of building a future space-
T Corresponding author:d.hollington07@imperial.ac.uk based gravitational wave observatory [I]. As currently
! Deceased 30 September 2012 envisaged, an observatory like the proposed Laser Inter-
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ferometer Space Antenna (LISA) will involve placing test
masses on-board distant spacecraft in near perfect free-
fall while using laser interferometry to measure their rel-
ative acceleration [2]. At low frequencies a variety of
local forces can produce spurious acceleration noise and
limit the sensitivity of the detector. One such distur-
bance results from the noisy accumulation of charge on
the free-floating test masses due to the high-energy ion-
ising radiation present in the space environment. Such
charging has been shown to be a significant source of
acceleration noise at frequencies below 1 mHz [3].

The Pathfinder orbit around the L1 Lagrange point
placed it outside Earth’s protective magnetosphere and
exposed it to the interplanetary charged particle envi-
ronment. To contribute to test mass charging particles
needed to be of an energy sufficient to penetrate the
spacecraft and outer housing with simulation predicting
this cut-off to be around 100 MeV for protons [4] [5].

The test mass charging rate itself is dependant on both
the flux and energy spectrum of the incident radiation.
However, if either of these are modulated, for example by
fluctuations in the Interplanetary Magnetic Field (IMF),
it can lead to excess charging noise above the expected
flat Poissonian spectrum. This outcome is fairly intuitive
in terms of the incident flux while for a modulated energy
spectrum one needs to consider that due to higher charge
multiplicity, charging from high-energy particles is more
noisy than charging from lower energy particles [4].

In order to better understand the relationship be-
tween test mass charging and the local radiation envi-
ronment the Pathfinder payload included a bespoke ra-
diation monitor. Its purpose was to make in situ mea-
surements of the flux while also providing information
about the energy spectrum of the incident radiation.

II. THE INTERPLANETARY CHARGED
PARTICLE ENVIRONMENT

Above the 100 MeV boundary relevant for Pathfinder
there are two main sources of interplanetary charged par-
ticle that dominate test mass charging. Forming a per-
manent background, the first originate from outside the
solar system and are referred to as Galactic Cosmic Rays
(GCRs). These primarily consist of protons but also con-
tain a significant fraction of helium nuclei (a-particles)
as well as a small fraction of heavier nuclei. The pre-
cise ratios vary at lower energies but above several GeV
approximately 80% of primary nucleons are free protons
and about 70% of the rest are bound in helium nuclei [6].
At lower energies, measurements within the heliosphere
have shown that the GCR background fluctuates over
various time-scales with changes over the 11-year solar
cycle being most significant.

A common way of understanding these modulations
is to assume an isotropic, steady-state flux at the he-
liosphere boundary, referred to as the local interstellar
spectrum (LIS). This flux of particles then interacts with

the solar wind and IMF as it penetrates deeper within the
heliosphere with variations in the heliospheric properties
therefore leading to the observed temporal changes in the
GCR spectrum. The change in flux is strongly depen-
dant on the energy of the particle with those at around
100 MeV varying by orders of magnitude while the flux
of particles above about 10 GeV being almost constant.

Given the difficulty in measuring it directly, the LIS
has historically been inferred from measurements made
within the heliosphere although in recent years Voyager
1 has begun providing in situ measurements [7]. Sev-
eral expressions that describe the LIS for protons and a-
particles can be found within the literature but through-
out this paper we will use those described by Bisschoff
et al. [8] which are based on combined Voyager 1 and
PAMELA measurements:
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where T is the kinetic energy (GeV/nucleon), 5 = v/c
is the particles velocity relative to the speed of light and
Jr1s(T) is in units of (particles/(m? sr s GeV /nucleon)).
The time dependant differential intensity J; of nucleus of
type i at 1 AU can then be parametrised by the “force-
field” approximation [9HIT]:
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where T, is the rest mass (GeV/nucleon), & = (Ze -
1073/A)¢, Z is the atomic number, e is the elementary
charge, A is the mass number and ¢ is the modulation
potential (MV). The parameter ¢ has limited physical
meaning and is implicitly dependant on the fixed shape
of the LIS chosen. However, it offers a simple way of
describing both the proton and a-particle differential en-
ergy spectra incident on the Pathfinder spacecraft using
just a single parameter. Figure [l illustrates the relation-
ship between the above LIS and ¢, where ¢ takes values
of 400 & 600 MV which were the values at either extreme
of the fluxes observed during the Pathfinder mission (as
we shall see in Sec. [VI]).

The second source of charged particles above 100 MeV
are those shock accelerated near the Sun during coronal
mass ejections, referred to as Solar Energetic Particles
(SEPs). These transient solar eruptions are more fre-
quent around solar maximum, with on average a few a
year energetic enough to enhance test mass charging, but
less than one a year at solar minimum. Their proper-
ties are event specific but can temporarily increase the
proton flux by several orders of magnitude for durations
spanning hours up to several days [5, 12, [13]. Given the
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FIG. 1: The differential energy spectra for both
protons and a-particles, where ¢ takes values that were
at the extremes of those applicable for Pathfinder. With
¢ = 400 the integrated flux above 70 MeV for protons is

0.47 cm™2 sr~! s~! while for ¢ = 600 it is 0.32 cm ™2
st~ s7!. The unattenuated LIS for both are also shown

for comparison.

Pathfinder mission was to be operational for around 18
months during the declining phase of the solar cycle, pre-
flight predictions were for at most one solar event ener-
getic enough to enhance test mass charging [14].

III. HARDWARE

The Pathfinder radiation monitor was developed and
built by a Barcelona based consortium which included
NTE-SENER, the Institut de Ciencies de I’Espai (IEEC-
CSIC) and the Institut de Fisica d’Altes Energies (IFAE)
[15] with design and testing being aided by software sim-
ulations carried out at Imperial College London [I6].
Based on a simple design, it consisted of two silicon PIN
diodes in a telescopic configuration and recorded both a
singles count as well as the deposited energy spectrum of
coincident events.

The individual diode packages were Hamamatsu dual
PIN photodiodes (S8576-01) and were originally flight-
spares from the Fermi Gamma-ray Space Telescope
(FGST - formerly called the Gamma-ray Large Area
Space Telescope or GLAST) which were re-purposed for
use on Pathfinder. Each had a 320 pum thick sensitive
area of 10.5 x 14.0 mm? and were mounted 20.0 mm apart
within a hollow copper cuboid. This copper shield was
designed (with some margin) to prevent protons less than
70 MeV being detected as early modelling had found that
only protons above =~ 100 MeV were energetic enough to
reach the test masses and contribute to charging. The
shield’s effectiveness was verified by on ground testing
[I7] and had 6.4 mm thick walls, rounded corners, mea-
sured 43.4 x 40.8 x 36.1 mm? and along with the associ-
ated electronics, was housed in the aluminium flight box

shown in Figure

The radiation monitor was mounted on an internal side
wall within the spacecraft, with the telescopic arrange-
ment pointed towards the Sun throughout the mission
being aligned along a normal to the external solar panels.
In terms of the total energy deposited in a single diode
the detection threshold was nominally set at 60.7keV,
which was a compromise between being above the elec-
tronics noise while not losing a significant number of ac-
tual counts. The radiation monitor kept a count of the
combined number of events above this threshold in both
the front and rear diodes, so called singles events. If both
were triggered within 525 ns of each other the energy de-
posited within the rear diode was recorded, a coincident
event. Note that due to the design of the radiation mon-
itor electronics a coincident event did not increment the
singles count. The number of singles events in a 15 sec-
ond period was returned in telemetry while a deposited
energy spectrum was returned every 600 seconds. Its sen-
sitive range was from 0to 5 MeV, which, with 1024 linear
bins, gave a deposited energy resolution of approximately
4.88keV.

IV. RADIATION MONITOR MODEL

To aid the design and testing of the Pathfinder radia-
tion monitor a detailed two-part software model was de-
veloped over a number of years alongside the hardware
itself. The first part was written within the GEANT4
framework which uses Monte-Carlo techniques to accu-
rately simulate the passage of particles through matter
[18-20]. Given a source of particles, be that a collimated
proton beam during testing or a spectrum of isotropi-
cally emitted protons to simulate the GCR background,
our GEANT4 model outputs a file containing the energy
deposited in each diode by each incident particle. The
second part of the radiation monitor model was written
in MATLAB and takes the deposited energy file as an in-
put, adds a parametrised level of electronics noise to each
event, applies the monitor’s detection threshold and out-
puts a simulated singles count rate as well as a deposited
energy spectrum. Over the years the complete radiation
monitor model has been through three iterations.

The first version was used to optimise the design of the
copper shield and verify the performance of a prototype
monitor during high-energy proton beam tests carried
out at the Paul Scherrer Institute (PSI) in Switzerland
[16, 21]. This model simply contained the diodes, ceramic
mountings, an internal printed circuit board as well as
the surrounding copper shield. A Gaussian electronics
noise with a mean of zero and a pessimistic ¢ = 12.7keV
was assumed with a hard threshold cut at 50 keV. Along-
side design and testing support, the simulation was also
used to provide expected in-flight count rates due to the
GCR flux. It predicted a singles count of 3.3 counts s~!
and a coincident count of 0.17 counts s~! during solar
maximum with the rates increasing to 7.2 counts s~—! and



FIG. 2: Left: A top-down photograph of the radiation
monitor, with the lid removed. The cubic copper shield
can be seen on the left, next to the unit’s electronics.
Right: A production photograph of one of the flight
PIN diodes mounted on the wall of its copper shield.
Note only the larger black region was sensitive and the
Kapton tape used to temporarily hold the diode in
place was removed prior to integration.

0.37 counts s~! during solar minimum [16].

The flight radiation monitor was also tested at the PSI
proton beam facility, [I7]. This led to a more refined sim-
ulated model of the monitor being developed which in-
cluded a more detailed representation of the diodes and
added the aluminium flight box which housed the cop-
per shield alongside the associated electronics [22], see
Figure Using the simulation to model the beam test
results confirmed that the sensitive regions of the two
diodes were in excellent angular alignment (+0.3°+0.3°)
but had a small linear offset between them (1.04£0.2 mm)
due to the way they were mounted. In addition it was re-
alised that the sensitive regions were 320 pm thick (rather
than the 300 pum value assumed previously), with this fact
later confirmed by the discovery in the literature of an x-
ray cross-section of the FGST (formerly named GLAST)
diodes [23]. The electronics noise and threshold compo-
nents remained unchanged.

The third and final iteration of the radiation monitor
added a 1.42mm thick aluminium spherical shell around
the flight box to approximate the spacecraft. The main
advancement of the model came from several in-flight
calibration measurements that provided a better under-
standing of the electronics noise and threshold properties
as well as how they evolved over the duration of the mis-
sion. This will be discussed in detail within Sec. [VI

V. IN-FLIGHT MEASUREMENTS

Following the successful launch of Pathfinder on the

3'd December 2015, the spacecraft reached its final orbit
around the L1 Lagrange point in February 2016. During
transit the radiation monitor was temporarily turned on

for 10 days from the 11th January before being turned

off until the 26tH January. Following a 5 day commis-
sioning period where the detection threshold was ad-

FIG. 3: A visualisation of the simulated flight-model
radiation monitor. Clockwise from top left: an
individual diode, two diodes mounted in their telescopic
configuration within the copper shield and finally the
enclosing aluminium flight box.

justed, the radiation monitor then collected data con-
tinuously from 15th February 2016 until it was turned

off on the 17th July 2017 at the mission’s end. Over
this period there were a few brief outages due to planned
resets of the system wide electronics unrelated to radia-
tion monitor performance (ten’s of minutes) and a repeat
of the threshold calibration in April 2017 that lasted 7
days. With these exceptions the now publicly available
(http://1pf.esac.esa.int/lpfsa/)) radiation monitor
data presented here spans the entirety of the Pathfinder
mission.

Figure [4] shows both the singles and coincident event
count rates as measured over the course of the mission.
In both cases the data are shown at the original sampling
frequency (blue) and with hourly averaged data overlaid
(red). As expected, the coincident count rate is noisier
than the singles count rate due to the lower number of
events and reassuringly both are highly correlated. Over
the course of the mission both rates showed a general
trend upwards with the mean singles count rate increas-
ing from 7.6t010.6 counts s~ and the mean coincident
count rate from 0.38t00.51 counts s~'. However, in both
channels there was a clear underlying oscillation with a
period that varied between 13 and 26 days with a peak to
peak variation of around 10% in the singles count. The
amplitude spectral density (also shown in Figure [4)) of
both the singles and coincident count has a peak corre-
sponding to the 26 day oscillation as well as its harmon-
ics. We shall return to the nature of this oscillation in
the next section.

Figure[4 also shows the average deposited energy spec-
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FIG. 4: Top: The raw singles (1/15Hz) and coincident (1/600 Hz) count data spanning the whole mission with
hourly averaged data overlaid. Bottom Left: The amplitude spectral density of the singles and coincident channels
over the entire mission. Bottom Right: Averaged deposited energy spectra, each containing data measured over four
months.

tra integrated over four month periods, after correcting
for electronics drift (described in Sec. [VI)). We see little
to no change in the relative shape or position of the spec-
tra, merely a scaling proportional to the total coincident
count rate. This ability to record the deposited energy
spectrum of incident particles was primarily included to
allow differentiation between the energy composition of
the permanent GCR flux and that from any transient
SEP events. During the mission, as it happened, no
SEP events occurred with particle energies high enough
to reach the test masses and therefore enhance the charg-
ing rate. However, there were several minor SEP events

which were observed by the Earth orbiting Geostation-
ary Operational Environmental Satellites (GOES) which
showed flux enhancements for protons with energies up
to 40 MeV.

One occurred on the 160 March 2016 while another
on 16th May 2016, with increased activity lasting 28 and
37 hours respectively. Although the Pathfinder radiation
monitor should have been insensitive to such low energy
events we checked for enhancements in the singles count
rate nonetheless. No change was observed during the sec-
ond event, though there was a minor increase of around
2% during the first. However, this could have been due
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FIG. 5: Top: The low energy proton channels as
measured by the GOES-15 satellite. A relatively minor

SEP event was observed which began on the 14th July
2017 and persisted for several days. Bottom: The
hourly averaged singles count channel from the
Pathfinder radiation monitor. No enhancement was
observed but a ~ 18% Forbush decrease was seen as the
event subsided, just prior to the Pathfinder mission
coming to an end. Note that the 2.5 day loss of data
before the SEP event was coincidental and due to a
planned but unrelated high temperature experiment
on-board Pathfinder.

to an increased GCR count resulting from the turbulent
IMF during this time rather than a direct detection of
the SEP event itself.

The largest SEP event occurred just days before the fi-
nal turn-off of the monitor. It was detected by the GOES

satellites on the 14th July 2017 and persisted for several
days. Like the other events, GOES did not detect any
flux enhancements above 100 MeV and as expected no
increase in count rate was observed by the Pathfinder
monitor. However, the Pathfinder monitor did observe a
significant Forbush decrease [24], shown in Figure 5| An
approximate 18% fall in the singles and coincident count
was seen in just 13 hours, significant when compared to
the gradual ~ 40% increase observed over the previous 18
months of observation. Unfortunately, due to the sched-
uled end of the Pathfinder mission we only managed to
observe the partial recovery of the GCR flux.

A. Comparison with other Instruments

In order to make comparisons with data from other in-
struments we shall in this section restrict ourselves to ex-
amining a four month period of data (March 2016 to July
2016) which encompassed the first phase of Pathfinder
mission operations. First, in order to confirm that the
observed 13 and 26 day oscillations in the count rate
were due to physical changes in the radiation environ-
ment, rather than a hardware issue, we compared the

measurements to those made on-board the Earth orbit-
ing INTEGRAL spacecraft.

The INTEGRAL Radiation Environment Monitor
(IREM) utilises three silicon detectors and is designed
to measure protons with energies £ > 10 MeV and elec-
trons £ > 0.5MeV. The spacecraft itself is in a highly
eccentric Earth orbit with a period of three days, re-
sulting in it spending 7 to 10 hours every orbit within
Earth’s radiation belts, which then dominate the IREM
signal. However, outside of these times the IREM ef-
fectively measures GCRs and of particular interest here
is the TC2 channel which is sensitive to protons with
E > 49MeV and electrons E > 2.8 MeV. Combining
prior knowledge of the GCR spectrum and the instru-
ments derived response function [25], the TC2 channel,
like the Pathfinder monitor, should be dominated by pro-
tons with £ > 70 MeV.

Figure [6] shows a comparison between the Level-0
IREM TC2 channel (radiation belt crossings removed)
with the singles count measured by the Pathfinder mon-
itor during the first phase of science operations. As
one can seen, there is excellent agreement between the
two measurements albeit with the absolute Pathfinder
count being about 2.5 times higher than the IREM due
to its larger sensitive area. Although the IREM data
is noisier and inevitably contains gaps (due to radiation
belt crossings) the equivalence with the Pathfinder data
opens some interesting future possibilities. For example,
the IREM dataset goes back to October 2002 provid-
ing a measurement of the proton flux relevant to test
mass charging over an entire solar cycle and also having
recorded many SEP events. Regardless, the IREM data
not only shows that the 13 and 26 day oscillations are
real but they are likely due to large scale variations in
the heliosphere given they were detected on spacecraft
separated by around 1.5 x 106 km.

B. GCR Modulation

The heliosphere is a complex dynamical system formed
by the continuous emission of charged particles from the
upper atmosphere of the Sun and its time varying nature
can act to modulate the observed GCR flux in a number
of ways, both locally and on larger scales. On the scale
of the solar system this is most noticeable over the 11-
year solar cycle where GCR flux increases at solar min-
imum when the overall magnitude of the IMF is weaker
and decreases at solar maximum when it is stronger. On
smaller scales, the effects of localised activity on the Sun
can sweep out into the Solar System with a particular
directionality. The resulting changes in certain regions
of the IMF can then influence the received GCR flux lo-
cally. If such solar events persist for long enough they can
appear to come and go due to solar rotation. Given that
the synodic rotation period (the time taken for a fixed
point on the solar equator to rotate to the same appar-
ent position as viewed from Earth) is around 26 days one
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FIG. 6: The count rate measured over a four month
period by the Pathfinder monitor (left axis) and the
IREM TC2 channel (right axis).

would expect GCR modulations on similar time-scales.

Indeed, transient variations on such time-scales have
been observed in the GCR flux during several solar cycles
[26, 27] and to a lesser extent, modulations with 13 to 14
day periods in a variety of solar parameters have also
been studied [28]. Over the years such variations have
been attributed to two possible causes: those related to
heliospheric current sheet crossings and those related to
co-rotating interaction regions.

Considering the heliospheric current sheet (HCS) first,
as the solar wind propagates out into the solar system it
also carries with it the Sun’s embedded magnetic field,
forming a Archimedean spiral due to the Sun’s rotation.
Lying within the ecliptic, the HCS is the thin boundary
extending out into the solar system where on one side
the open magnetic field lines return to the Sun while on
the other side they are directed away. Predominately due
to the solar magnetic dipole being tilted with respect to
the Sun’s rotational axis, the HCS becomes warped as it
spirals outward and is commonly compared to a twirling
ballerina’s skirt [29]. As the HCS co-rotates with the Sun,
the Earth passes above and below the sheet where each
region can be considered as a separate magnetic sector.
When two sectors are present the Earth passes through
the HCS boundary twice per solar rotation, but four or
even six sectors have previously been detected.

There are a large number of studies that have looked
at how the HCS can modulate the received GCR flux,
with many focusing on variations around HCS crossings.
Such studies tend to combine data from multiple cross-
ings during a particular epoch, so that event specific vari-
ation does not obscure general trends. Newkirk et al.
[30] used ground based neutron monitors to observe the
count rate of 5GeV protons varying with distance (lati-
tude) from the HCS and claimed the count rate falls with
increasing latitude from the HCS with data spanning two
months each in 1965 and 1975, both during solar mini-
mum. Using a 3-dimensional model, Kota et al. [31]
went on to show that particle drift within the IMF plays
an important role in explaining such observations. Using

data spanning 1971-1979 and 1981-1990, El-Borie et al.
[32] found similar behaviour but that increases in GCR
flux were greater during Away-Toward sector crossings
than for Toward-Away.

A second possible cause of GCR modulation are co-
rotating interaction regions (CIRs). Such regions are
produced when a fast solar wind stream (originating from
a coronal hole) catches up and compresses a slow solar
wind stream, leading to an increase in solar wind par-
ticle density as well as magnetic field intensity. Such
a region rotates with the Sun and can act to inhibit
GCR propagation, decreasing the observed GCR flux as
it passes. Richardson et al. [33] looked in detail at this
phenomenon, studying 305 events between 1973 to 1987
using data from three different spacecraft (IMP 8, Helios
1 and Helios 2). For GCRs above 60 MeV they found
that almost all CIRs caused depressions (on average by
3.0 £ 1.7%) with individual streams causing depressions
from 0to8% and that solar wind speed and depth of the
depression were anti-correlated. Note that the oscillation
seen in the Pathfinder radiation monitor data is similar
in magnitude and is sensitive to a similar energy of inci-
dent GCR. It is also possible to have two or more CIRs
active at the same time that lead to observed modulation
periods less than the expected 26 days were there only
one.

To show that some combination of HCS crossings
and CIRs offer a plausible explanation for the observed
Pathfinder radiation monitor oscillation we turned to the
publicly accessible data from the Advanced Composition
Explorer (ACE) [34]. Launched in 1997 it monitors sev-
eral properties of the solar wind as well as the IMF via
a suite of instruments. Like Pathfinder it is in a Lis-
sajous orbit around L1 with the two spacecraft being sep-
arated by between 3to7 x 10° km over the course of the
Pathfinder mission. As such it offers a useful time-shifted
measurement of the solar wind environment relevant to
Pathfinder. To confirm that this was indeed the case we
compared 1-minute averaged Pathfinder measurements of
the IMF with those made by ACE which showed between
a 0to30minute time delay between measurements, con-
sistent with solar wind propagation times between the
spacecraft depending on their relative positions.

By definition, as one crosses the HCS boundary the
dominant direction of the magnetic field is expected to
change. To determine when this occurred we used a sim-
ilar methodology to that described by Thomas et al. [35]
which involved looking for sudden but prolonged changes
in the magnetic polar angle ¢p. In the geocentric solar
ecliptic (GSE) coordinate system, ¢p is the angle be-
tween the magnetic field direction in the xy plane and
the positive y-axis, where a value of 0° points directly
toward the Sun and 180° points away. However, due to
it spiralling out from the Sun, the polar angle of the in-
terplanetary magnetic field is rotated by approximately
45° so that it transitions between average values of 135°
and 315°. Spanning the same four month period as Fig-
ure [6] Figure [7] shows a plot of ¢p, where the dashed
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the singles count from the Pathfinder radiation monitor. All data are hourly averaged and the dashed vertical lines

show the HCS crossings, as defined by transitions in the polar angle, ¢p.

lines indicate possible crossings. As measured by ACE,
the same figure also shows the magnitude of the IMF, the
proton density and the solar wind speed, with the final
panel showing the Pathfinder radiation monitor singles
count for comparison.

Referring to the top panel in Figure [7]one can see sev-
eral periods of the approximately 26-day oscillation (lead-
ing edge on days 21, 48, 75 & 101), presumably due to
two dominant sectors of the HCS. Generally, these cross-
ings are also coincident with a peak in the Pathfinder
radiation monitor singles count, as suggested by [30] and
[32]. On top of this we see three occurrences of a less
well defined structure (leading edge on days 10, 38 &
67). This feature seems to die away as it is not visible
where one would expect around day 95, although there is
a spike in the other parameters at this time, as well as a
pronounced dip in the Pathfinder radiation monitor data.
Around HCS crossings we generally, though not on every
occasion, see sudden spikes in the amplitude of the mag-
netic field and proton density, with few spikes being seen
outside of these crossing times. The solar wind speed is
perhaps the most interesting in that we see a weak anti-
correlation with the Pathfinder radiation monitor singles

count, seen most clearly in the latter half of the dataset.
In addition, there are several instances of sharp changes
in the solar wind speed being coincident with sudden dips
in the Pathfinder radiation monitor singles count, in par-
ticular on day 96. Again, this is what one would expect
given the observations described in [33]. Ultimately, a
detailed understanding of the complex relationship be-
tween the time-varying heliosphere and the resulting ef-
fect on the GCR flux is beyond the scope of this paper.
However, the relatively high count rate of the publicly
available Pathfinder dataset is already proving useful for
this endeavour [36], with more work in preparation.

VI. MODELLING

The GCR proton and helium fluxes are the main inputs
into our test mass charging simulations, [4, [5]. Having
made a variety of test mass charging measurements over
the course of the mission we therefore require an estimate
of each flux at the time a measurement was made in
order to verify the charging simulation. In this section we
show how our software model of the radiation monitor,



when combined with actual measurements, can be used
to estimate the proton and helium fluxes on a given day.

Having been verified by on ground proton beam test-
ing, the GEANT4 part of the radiation monitor model
remained unchanged from that described in [22], with
one exception. To approximate the spacecraft the simu-
lated monitor was placed inside a 1.42 mm thick spherical
shell of aluminium, equivalent to the shielding the actual
spacecraft provided [37]. The second part of the software
model, which simulates the electronics side of the mon-
itor in MATLAB, was broken down into two parts; the
random electronics noise added to every event and the
threshold properties that were applied to every event.

As we had done during ground testing, the noise from
the electronics was modelled with a Gaussian distribu-
tion converted to the equivalent in deposited energy and
defined by finoise and opeise, both in units of keV. For
every event that deposited energy in a diode this distri-
bution was randomly sampled and added independently
as noise to each simulated deposit. Over the course of
the mission a series of test pulses were injected every one
to two weeks, with each pulse being recorded in the de-
posited energy spectrum. Given any noise coming from
the electronics should have been added to these pulses,
they offered a way of assessing the electronics noise as
well as its stability in time. Reassuringly, the pulses in
the deposited energy spectrum appeared approximately
Gaussian and a simple least squares fit allowed a fi,0ise
and 0,.ise to be obtained for each test pulse. The result-
ing time-series are shown in Figure

Both the relative position and width of the test pulses
appeared to drift up over the mission, with both ef-
fects being attributed to the electronics noise (finoise and
Onoise) rather than the generation of the pulses them-
selves. This assumption is supported by the fact that
the peak in the deposited energy spectrum also drifted
by the same amount over the mission. Unfortunately
the expected absolute position of the test pulses was un-
known and therefore fi,,0ise = 0keV was assumed as the
initial value with the relative drift quantified thereafter.
Reassuringly, the initial 0,05 = 4.5keV was consistent
with an expected value of 4.24 keV [3§]. Although both
drifts were small (considering the deposited energy bin
widths are ~ 4.88keV) a time dependant correction was
added to our model of the electronics noise.

The second part of our electronics model concerned the
two diode’s independent commandable threshold levels,
which determined if a particular deposited energy was
recorded as a hit or not. These were also modelled as
having a Gaussian distributed noise, with pipresn tak-
ing the nominally commanded threshold level, which was
60.7keV for all the data considered here. Based on cal-
ibration measurements made early in the mission, the
threshold noise appeared to be comparable to the elec-
tronics noise and therefore oipresh = Onoise Was assumed
for the analysis presented here.

We parametrised the differential incident energy spec-
trum for both protons and helium using ¢, as described
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FIG. 8: Top: The relative peak position of the
deposited energy test pulses was found to drift linearly
over the course of the mission. Note the absolute offset
was assumed to be zero at the start of the mission but

was in fact unknown. Bottom: The measured width
(0noise) of the deposited energy pulses also appeared to
drift slightly over the course of the mission.

in Sec. [} This gave us a complete description for our
radiation monitor model; ¢ describes the proton and he-
lium GCR spectra that act as the input to the GEANT4
model, the GEANT4 model outputs a list of deposited
energies in each diode given the input GCR spectra,
a randomly sampled electronics noise is independently
added to each diode for every event, and finally each
diode is tested against the randomly sampled detection
thresholds. For a particular input ¢, the complete model
returns both a simulated deposited energy spectrum in
the back diode as well as a simulated singles count from
both diodes. By using a measured deposited energy spec-
trum we were therefore able to fit for the free parameter
¢, with an example of such a fit for the first full day of
data is shown in Figure [0

As one can see in the example from the 13th January
2016, the fit for ¢ ends up compromising in different sec-
tions of the spectrum in order to minimise the overall
residual. The simulated spectrum overestimates the peak
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FIG. 9: A comparison between a measured deposited
energy spectrum (averaged over an entire day) and the
best fit from simulation.

count by around 20% but underestimates by about 20%
between 200keV and 400keV. Above this it systemat-
ically underestimates by roughly 10%, though the data
are noisy due to relatively few counts in these bins. Visu-
ally there appears to be a significant discrepancy at the
low energy edge, but this is accentuated due to the loga-
rithmic scale on the x-axis with the spectra only actually
offset by around 1.5 bins equivalent to 8 keV.

There are potentially a large number of parameters
that could be tuned to improve the quality of the fit and
indeed this was initially attempted. For example, there
are several ways of varying the position of the edge be-
tween 50keV and 100keV. Just considering the electron-
ics, increasing the mean diode noise by +8 keV would lead
to a shift in the deposited spectrum that could account
for the discrepancy. Alternatively the nominal 60.7 keV
threshold level could have had an offset of ~ +30keV
that would cut this edge. Both are feasible but disen-
tangling each contribution proved difficult, even before
one considers that each diode could potentially have dif-
ferent noise and/or threshold properties. Given the level
of agreement with the nominal parameter values we ul-
timately decided against improving the fits further and
risk over-fitting, particularly as some discrepancies may
lie with imperfections in the modelled GCR spectrum,
detector geometry description or GEANT4 physics mod-
elling.

Using the same model and the ¢ obtained from fitting
to the spectral data, we also generated a simulated singles
count. We found this to be systematically lower that the
measured singles count by approximately 0.7 counts s+
or around 7% of the total. This difference is partially ex-
plained by noise occasionally triggering the detector as
although our model adds random noise to every simu-
lated deposited energy event it is incapable of generating
a singles event due purely to noise. Dark singles count
rates of ~ 0.2 counts s~ were measured on ground [39].
Even ignoring the possibility that the dark count has
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FIG. 10: ¢ time-series if one fits for everyday of
available mission data. Note, the time-series shows the
same 13 and 26 day fluctuation in the GCR flux as
discussed in Sec. [VB] Also shown are monthly averages
for months with no data gaps.

since increased, the remaining discrepancy is at about
the 5% level which we deemed acceptable.

Figure [10] shows the resulting ¢ time-series if one fits
for every day of the mission. To assess our estimates
of ¢ we compared it to monthly estimates published at
http://cosmicrays.oulu.fi/phi/Phi_mon.txt|by the
world neutron monitor network using an analysis de-
scribed in [I0, [TT]. They use an older expression for the
local interstellar spectrum which prevents direct compar-
ison between our values for ¢. However, we can compare
the resulting differential energy spectra predicted by both
models with Figure [11]showing those for March 2016 and
December 2016, the first and last dates when predictions
exist from both.

While there is good general agreement there are clear
differences in the two estimates, particularly for the num-
ber of protons with energies less than 500 MeV. Overall
however, we find good agreement in the integrated flux
above 70 MeV between the two analyses. During March
2016 we estimate 0.329 % 0.001 protons cm™2 sr—! s7!
while Usoskin et al. estimate 0.32240.018 protons cm ™2
sr—! s~ For December 2016 estimates of 0.397 & 0.003
protons cm™2 sr~! s~ and 0.394 £ 0.025 protons cm ™2

st~ s~! were obtained respectively.

VII. CONCLUSIONS

The Pathfinder radiation monitor successfully mea-
sured the interplanetary charged-particle environment
at L1, from January 2016 until mission completion in
July 2017. For particles with incident energies above
~ 70 MeV it measured a singles count as well as the en-
ergy deposited by coincident events. This provided a
diagnostic for the primary differential acceleration mea-
surement but more importantly an in situ measure of
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at low energies.

the particles responsible for test mass charging. Compar-
ing the radiation monitor data with our direct test mass
charging measurements will help us to verify our current
charging models and enable a more realistic estimate for
the charge induced noise for LISA.

Given its relatively high counting statistics compared
to similar channels on other detectors, the Pathfinder ra-
diation monitor also offered an opportune measurement
of short term GCR flux variability. Changes in the GCR
flux on time scales from 13 to 26 days were observed over
the mission, ultimately due to changes in the heliosphere.
Similar large scale fluctuations in the heliosphere may
lead to correlated but time delayed changes in charging
rate for the test masses aboard the distant spacecraft of
the LISA constellation.

LISA will likely also experience SEP events that will
temporarily cause significant increases in test mass charg-
ing rates. Although several SEP events occurred during
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the Pathfinder mission, none were above the ~ 100 MeV
energy threshold required to penetrate the sensor and
enhance charging rates. However, the largest such event
did produce an observable Forbush decrease which may
yet prove useful for future analyses.

Using a detailed two part model, we have also shown
how the energy deposited by coincident events can be
used to obtain an estimate of the incident cosmic ray
spectra. In terms of integrated flux, our estimates were
shown to be in good agreement with those produced by
neutron monitoring networks on ground. To achieve this
linear drifts in the electronics noise, identified by the
regularly injected test pulses, had to be accounted for.
While these drifts were relatively small, had they con-
tinued they would have begun to limit data quality after
several years of operation. Such electronics drift will need
to be rectified in a potential LISA radiation monitor de-
sign given a possible multi-year mission lifetime.

Forming the basis for a future paper, our estimates of
the incident cosmic ray spectra will provide the main in-
put to our test mass charging models which will then be
compared to direct measurements. Such modelling will
fundamentally improve our understanding of test mass
charging and ultimately aid the design of the LISA mis-
sion.
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