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Abstract— The LISA (Laser Interferometer Space Antenna)
and LISA Pathfinder (LISA-PF) spacecraft will be equipped with
particle detectors to monitor p and He nucleus fluxes above a few
tens of MeV(/n) at all times. Both missions are expected to take
data during different solar modulation and, possibly, different
polarity periods. We will be able to monitor both variations and
fluctuations of galactic cosmic-ray (GCR) fluxes as well as solar
energetic particle (SEP) transit. The LISA mission in particular,
will allow us to map SEPs over 2◦ in longitude at once. Particle
observations on board the LISA missions are of great interest to
cosmic-ray, solar physics and space weather investigations.

I. INTRODUCTION

LISA is the first ESA/NASA mission dedicated to the
detection of gravitational waves in space in the frequency
range 10−4 - 0.1 Hz unseen by terrestrial detectors above
gravity gradient noise of the Earth (http://lisa.jpl.
nasa.gov ). It consists of three spacecraft located at the
corners of an equilateral triangle of 5×106 km side forming
a Michelson interferometer. Each spacecraft hosts optical
telescopes and two inertial sensors. The heart of the inertial
sensors is a cubic Pt/Au test mass constituting the mirrors of
the Michelson interferometer and defining the arm lengths. The
test masses must remain, nominally, in pure geodesic motion.
The spacecraft shield the test masses by external disturbances,
such as solar radiation pressure. A set of electrodes forms
a capacitive gravitational reference sensor for sensing and
actuation of the test-mass position. The gravitational reference
sensor measurements are used to control µN thrusters on the
spacecraft to force it to follow the test masses (drag-free
control). Forces acting directly on the test masses cannot be
shielded. Galactic and solar nuclei with energies larger than
100 MeV(/n) and electrons above a few MeV deposit charge in
the test masses [1]–[3]. Spurious forces occur between the test
masses and the surrounding electrodes mimicking gravitational
wave signals. A UV-light system will be located on board to
discharge the test masses via the photoelectric effect [4], [5].
In order to control the test-mass charging, it has been found
as necessary to place particle detectors in each spacecraft.

LISA is tentatively scheduled to be launched in 2015. The
nominal mission lifetime is 2 years with a possibility to extend
it up to 10 years. A technology mission for LISA, the LISA-
PF, will be launched in 2009. LISA-PF is supposed to provide
a testing ground to measure the level of charging disturbances

Fig. 1. LISA orbit.

and to test the charge management system for LISA. LISA-
PF consists of one spacecraft hosting two 30 cm distant test
masses. Expected mission duration is six months.
The LISA-PF design of the particle monitors will allow us
to detect galactic p and 4He nucleus flux variations and
fluctuations related to different solar modulation and polarity
epochs and/or of interplanetary origin. No electron and heavy
ion detection is permitted at this stage [6].

The simulation of the LISA test-mass charging due to
the galactic cosmic-ray nuclei and interplanetary electrons
during different solar polarity periods has shown that these
rare particles account for 20% of the total test-mass charging
[7]. Consequently, radiation monitors for electrons and heavy
nuclei for the LISA mission are strongly recommended.

II. LISA AND LISA-PF ORBIT CHARACTERISTICS

The LISA orbit with respect to Earth and Sun is sketched
in Fig. 1. The center of the spacecraft formation is on the
ecliptic plane, 20◦ behind the Earth. The three spacecraft rotate
about the center of the formation in the plane of the triangle
that is inclined at 60◦ with respect to the ecliptic plane. One
rotation lasts one year. Spacecraft longitude covers a range
of approximately 2◦ and their distance from the Sun varies
between 149 and 152 × 106 km. Details are summarized in
Table 1. In Fig. 2 we have reported the LISA-PF orbit. One
spacecraft will be placed in orbit in L1 at 1.5 × 106 km from
Earth.



Fig. 2. LISA-PF orbit.

Fig. 3. Geometrical characteristics of the radiation monitors.

Fig. 4. Pictorial view of the radiation monitor set-up.

TABLE I
LISA SPACECRAFT ORBIT CHARACTERISTICS

Distance from the Sun 149÷152 × 106km
0.9933÷1.0133 AU

Latitude off the ecliptic 0.7◦ ÷ 1.0◦

Longitude difference with respect to Earth 19◦ ÷ 21◦

III. LISA-PF RADIATION MONITOR DESIGN

The charge deposited onto the test masses generates spu-
rious forces that increase the acceleration noise limiting the
sensitivity of the interferometer mainly at low frequencies.
Particle monitors will provide a real time estimate of the
incident flux of galactic and solar particles allowing the
optimization of the test-mass discharging, the improvement
of the duty cycle of the interferometer (on-line) and noise
estimate (off-line).

Particle monitor present design consists of two silicon
wafers of 1.4 x 1.05 cm2 area, 300 µm thickness forming
a small telescope (see Fig. 3 for details). Silicon telescopes
are surrounded by a 1.32 cm titanium shell, corresponding to
6 g/cm2 of matter (Fig. 4). The front-end electronics dynamic
range is 50 keV - 5 MeV and therefore we will be able
to discriminate protons and helium nuclei of galactic and
solar origin but no 3He - 4He, electrons or heavy nucleus
identification will be possible.
The geometrical factor for isotropic incidence on one silicon
layer is 9.24 cm2 sr while for both detectors (coincidence
events) is 0.87 cm2 sr.

IV. SOLAR MODULATION, SOLAR POLARITY AND
NORTH-SOUTH ASYMMETRY

Long-term cosmic-ray variations are correlated with the
11-year solar cycle and the 22-year global solar magnetic
field (GSMF) polarity period. In Fig. 5 we have reported the
expected level of solar modulation and solar polarity epochs
at the time of the two LISA missions.

During a solar cycle the observed sun-spot number rises
from a low to a maximum value and then returns to a low
value. Cosmic-ray intensity is observed to be inverse with
respect to the solar activity. When the level of solar activity
is high the solar wind is more effective in preventing galactic
cosmic rays to enter the solar cavity, mainly at low energies.
It is found that solar modulation is related to distance from
the Sun and latitude. In [8] it is shown that cosmic-ray
observations gathered near Earth can be used for LISA
test-mass charging simulation at both solar minimum and
maximum. The solar modulation effect on proton and helium
fluxes measured near Earth is shown in Figs. 6 and 7.
The Sun has a complex magnetic field, however, the dipole
term approximately always dominates the magnetic field in
the solar wind. The projection of this dipole on the solar
rotation axis (A) can be either positive, which we refer to
A>0 state, or negative, wich we refer to A<0 state. At each



Fig. 5. Expected maximum (white area) and minimum (dashed area) solar
activity level (top figure) and solar polarity epochs (bottom figure) at the time
of the LISA missions.

sunspot maximum, the dipole reverses direction, leading to
alternating magnetic polarity in successive solar cycles [9].
GSMF polarity influences the drift of positive and negative
particles in the heliosphere at solar minimum [10]. During
positive heliomagnetic field polarity, positive charged particles
reach the Earth most likely from the polar regions of the
heliosphere, while negative charged particles (e−,p) come
mainly from the ecliptic regions along the heliospheric current
sheet (HCS). An opposite situation holds during negative
magnetic field polarity epochs. Particle fluxes propagating
along the HCS are more modulated with respect to those
coming from the poles. The transition from the positive
GSMF polarity to negative leads to an increasing modulation
coefficient, but the reverse transition leads to a decreasing
one on the bulk of positive GCR [11]. The maximum proton
and helium flux expected reduction during a negative polarity
epoch with respect to a positive one at solar minimum is
shown in Fig. 8.
A north-south asymmetry in electron and proton fluxes
depending on solar activity and on the interplanetary
magnetic field (IMF) sector structure and sign has also been
observed.
The high energy particle concentration in the northern and
southern heliosphere may be different with the excess value
and sign being dependent on particle energy. The IMF sector
structure reduces the variations in the value rather than sign
of asymmetry. The value of the asymmetry (typically of a
few %) in galactic cosmic rays has been found to increase
little with energy and the asymmetry sign to revert during
solar maximum [12].
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Fig. 6. Cosmic-ray proton measurements during various solar modulation
periods. Curves represent the best fit to data at solar minimum (top curve)
and solar maximum (bottom curve). References and details are reported in
[8].

Fig. 7. Same as Fig. 6 for helium nuclei.



Fig. 8. Maximum expected reduction (dashed lines) of primary p and He
nucleus fluxes during a negative polarity epoch with respect to a positive
polarity (solid lines) period at solar minimum.

In Figs. 9 and 10 we have reported the interstellar, inter-
planetary and primary electron flux calculations and measure-
ments carried out in the last 20 years near Earth, during dif-
ferent solar activity and polarity epochs (references to data are
reported in [13] and [14]). The calculated electron fluxes at the
interstellar medium according to [15]–[17] have been shown
as thick dotted and thin continuous lines. The Moskalenko and
Strong estimate is of about one order of magnitude larger at
100 MeV while shows a similar trend with respect to Stephens
calculations above 1 GeV. The Ferreira et al. [18] computation
developed for the Ulysses mission at 120 AU is in better
agreement with the Moskalenko and Strong and Protheroe [19]
model. The dark region represents the e− spectrum inferred
from radio observations [20]. It is interesting to notice that the
Golden et al., 1984 data extrapolated to the interstellar medium
agree well with calculations and radio observations. The thick
solid and dotted lines in Fig. 9 represent the maximum and
minimum contribution, respectively, of jovian electrons [21].
In the same figure the bottom thick dot-dashed line and the
thick continuous line in Fig. 10 represent the interplanetary
electron fluxes calculated at 1 AU during a quiet and negative
(A<0) or positive (A>0) polarity epoch, respectively [18]. It
is possible to note that interplanetary electrons overcome of
a few orders of magnitude those of primary origin below 1
GeV and that the Ferreira et al. calculation reproduces very
well the trend of the Evenson et al. data (large diamonds) in
Fig. 9 gathered during a negative solar polarity epoch far from
Earth magnetic field. In [18] it is indicated that interplanetary

electron fluxes are not majorly affected by solar modulation.
A very different situation holds for primary electrons observed
at the top of the atmosphere. In Figs. 9 and 10 a modulation
parameter φ of 400 MV/c (low solar modulation, thin dashed
line), 550 MV/c (average solar modulation, thin dot-dashed
line) and 1200 MV/c (high solar modulation, thin dotted line)
has been considered, respectively, to extrapolate the Stephens
calculation near Earth for comparison to the data.
Recently it has been shown that the solar modulation causes
up to a factor 2 variation in the LISA test mass charging [1],
[7] and that the role of cosmic-ray rare particles cannot be
disregarded. In particular, interplanetary electrons and heavy
nuclei account for 20% of the total charge deposited in the
test masses by galactic protons. Interplanetary electrons play
an important role mainly at solar maximum when drastically
reduce the absolute charge deposited in the test masses by
galactic positive particles but increase the experiment overall
shot noise.

Solar polarity change has been found to generate up to
20% variation in the deposited charge [7] and short time
GCR flux fluctuations generate coherent signals that cannot
be distinguished from genuine gravitational wave transit in
LISA [22].

To conclude, in case the proposition to place an electron
monitor on board will be accepted, LISA will give us the
opportunity to monitor positive and negative GCR within one
degree in latitude for up to 10 years.
The role of the GSMF polarity in modulating galactic cosmic-
ray fluxes of different charge remains an issue of major impor-
tance in the study of cosmic-ray particles such as antiprotons
and positrons [23].

V. SOLAR PHYSICS WITH LISA
The important contribution that LISA will give to solar

physics investigations was firstly reported in Grimani and
Vocca, 2005 [24].

In the following we highlight the most important character-
istics of events that we will be able to observe on LISA for
solar physics and space weather investigations.

A. Gradual and impulsive solar events

Energetic protons, heavy nuclei and electrons of solar origin
will contribute to the charging of the LISA test masses. Proton
and heavy nucleus minimum energy for test-mass charging is
100 MeV(/n). This energy cut-off lowers to a few tens of MeV
for the more penetrating electrons.

Impulsive and gradual events are capable to accelerate
particles at these energies. Solar particles associated with
impulsive and gradual events present different compositions
and energy fluxes. In particular, impulsive events are electron
rich and do not accelerate electrons above a few tens of MeV
and nuclei above 50 MeV/n. Their contribution to the LISA
test-mass charging is therefore related to electrons only. In
Fig. 11 we have reported the electron fluxes generated by
two strong impulsive solar events (September 7th 1973 and
November 3rd 1973). The dotted and dot-dashed curves have
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Fig. 9. Interstellar (top thick dot-dashed line [18]; thick dashed line [19];
thick dotted line [15]; continuous line [16], [17]), interplanetary (bottom thick
dot-dashed line [18] during a negative polarity epoch) and primary near Earth
(dashed line - modulation parameter φ=400 MV/c; dot-dashed line φ=550
MV/c; dotted line φ=1200 MV/c [16], [17]) electron flux calculations. Mini-
mum (thick dotted line) and maximum (thick continuous line) contribution
of jovian electron flux is indicated [21]. Symbols represent electron flux
measurements at 1 AU.
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Fig. 10. Interplanetary and primary electron flux measurements and calcula-
tions during a positive GSMF polarity epoch. Symbols and curve are defined
in Fig. 9.

A<0

Fig. 11. Solar (thick dotted line - Flare September 7th 1973; thick dot-
dashed line - Flare November 3rd 1973), interstellar (thin continuous line)
[16], [17], interplanetary during a negative polarity epoch (thick continuous
line) [18] and primary electron fluxes (three bottom curves for different solar
modulation condition [14].

been artificially extrapolated to 100 MeV in order to compare
them to interplanetary (thick continuous line) and to best-
fitted electron fluxes observed near Earth. Solar electron fluxes
overcome of many orders of magnitude the interplanetary
ones below 1 MeV but play a minor role in the LISA test-
mass charging being poorly populated above a few MeV. In
particular, solar electrons release less than 4% of the total
amount of charge deposited in the test masses by GCR.

Solar energetic particles associated with evolving Coronal
Mass Ejections are rich of proton and helium particles present-
ing energies well above tens of GeV. In Figs. 12, 13 and 14 we
have reported proton fluxes related to evolving gradual events
of different intensity near peak. A comparison with galactic
protons at both solar minimum and maximum and with peak
fluxes of various fluence events is also shown. It has to be
stressed that events pure gradual are rare. Very often impulsive
components are present in gradual events. Strong solar events
overcome the LISA noise budget [3]. The present radiation
monitor design is optimized to map the transit of gradual
events. However, it would be of major importance to monitor
fast, impulsive components in gradual events as warning of
an incoming SEP event as well. We expect an average of a
few gradual events per year during the LISA mission [22]. A
duration of each event is of a few days. An on board electron
monitor will allow us to optimize the test-mass discharging
and, consequently, to increase the experiment duty cycle.



Fig. 12. Solar proton spectra reaching Earth as a function of time during
the May 7th 1978 flare (dot-dashed lines). The dotted lines represent various
fluence peak fluxes generated by SEPs in units of protons/cm2 . The continuos
and dashed lines correspond to primary cosmic-ray proton fluxes at solar
minimum and maximum, respectively.

Fig. 13. Solar proton spectra reaching Earth as a function of time during
the February 16th 1984 flare (dot-dashed lines). The dotted lines represent
various fluence peak fluxes generated by SEPs in units of protons/cm2 . The
continuous and dashed lines correspond to primary cosmic-ray proton flux at
solar minimum and maximum, respectively.

Fig. 14. Solar proton spectra reaching the Earth as a function of time
during the September 29th 1989 flare (thick lines). The dotted lines represent
various fluence peak fluxes generated by SEPs. The continuous and dashed
lines correspond to primary cosmic-ray proton flux at solar minimum and
maximum, respectively.

B. Latitude and longitude dependence of solar energetic par-
ticle fluxes

SEP fluxes are both latitude and longitude dependent. Dalla
et al. [25], for example, have reported a comparison between
SEP fluxes measured by Ulysses (63◦ N and 1.63 AU from the
Sun) and SOHO (in the ecliptic at 1 AU). The peak intensity
at high latitude is typically smaller than that at the ecliptic
and it occurs at a later time. The decay phase is characterized
by a similar decay time at the two locations. A study of the
longitude dependence of the spatial and temporal distributions
of SEPs has been debated [26], [27]. Time profiles of SEPs are
affected by the evolution of the intersection point between the
observer magnetic field line and the shock. This point sweeps
rapidly eastward across the the face of the shock with time
at a rate of 27◦-45◦ per day compared to solar rotation of
13◦ per day. The stronger acceleration occurs near the nose
of the shock while the shock strength and the acceleration
weaken around either flank. These regions are characterized by
the detection of nearly invariant SEP spectra as a function of
the longitude. Small shock CMEs are expected to cause rapid
changes in intensity. Large CMEs shocks might generate flat
longitude profiles in even widely separated spacecraft. Large
events can cover up to 90◦ in longitude.

C. SEP fluxes on the three LISA spacecraft

Shocks of gradual flares generated between 60◦ E and
120◦ W are observed to reach Earth [28]. In particular, solar
activity observed near 60◦ W has been associated with particle
production in the GeV range observed near Earth [29]. Large
CME shocks reaching Earth will go through LISA as well. In



Fig. 15 we have reported the expected countrate variation in
each LISA telescope for coincidence particles at the passage of
solar proton fluxes reported in Figs. 12, 13 and 14. The indexes
in Fig. 15 indicate corresponding fluxes in Figs. 12, 13, 14.
As it is possible to notice, at the transit of solar events, the
detected radiation monitor countrate will change, for various
intensity events, up to four orders of magnitude with respect to
incident GCR only. Radiation monitor flux profiles will tell us
about the direction of incoming events. The expected countrate
for two typical events traversing the radiation monitors from
east and from west, respectively, are reported in figures 16 and
17. We have not found in literature a modelization of SEPs
at small steps in longitude above 100 MeV(/n). Therefore,
we have tried to estimate the SEP flux difference among the
LISA spacecraft extrapolating to 2◦ in longitude SEP fluxes
observed at a few degrees in longitude [22]. We have found a
possible, reasonable 10% - 15% incident SEP flux difference
in the longitude range covered by LISA. We are aware that
further work is needed since this is just a rough estimate being
related to events characterized by different conditions of the
interplanetary magnetic field and solar wind velocity.

VI. SIMULATED GCR AND SEP OBSERVATIONS ON LISA
RADIATION MONITORS

In Figs. 18 and 19 we have reported the simulated [30], [31]
ionization energy losses in the radiation monitor silicon wafers
for incident galactic proton and helium nucleus fluxes and
those generated by SEPs associated with the peak flux of the
May 7th 1978 flare. For helium composition in gradual flares,
we have considered an uncertainty of one order of magnitude,
since p/He ratio is supposed to be about 10 in impulsive
flares and about 100 in gradual ones. LISA measurements will
allow us to detect impulsive components in gradual flares. It
can be noticed that in addition to the expected variation in
the countrate at flare transit, the ionization energy losses will
appear very different for incident galactic and solar particle
fluxes. In particular, ionization energy depositions will allow
us to detect small flares.

Mapping fluxes and composition of SEPs is very important
for solar physics and space weather investigations. Large
gradual flares endanger human life. The level of hazard
depends on SEP flux characteristics as a function of energy.
The September 29th 1989 flare would have released a dose
on astronauts of 4 rem hr−1 behind 10 g cm−2 of shielding
[32]. The dose allowed per year for astronauts is 50 rem and
it would be accumulated in half a day to such exposure.

VII. CONCLUSIONS

We have reported important topics of galactic cosmic-ray
and solar physics that the LISA missions will allow us to
investigate.

In particular, we will study both long and short-time varia-
tions and fluctuations of galactic cosmic rays. Among them,
we are particularly interested in studying drift effects for
various solar polarity conditions that are of major importance

Fig. 15. LISA particle monitor countrate generated by incident galactic
protons at solar minimum (m) and solar maximum (M). A comparison is
made with the countrate generated by proton fluxes observed near peak of
various intensity solar events.

Fig. 16. Expected countrate variation on each LISA radiation monitor for a
typical central-eastern event.



Fig. 17. Expected countrate variation on each LISA radiation monitor for a
typical western event.

Fig. 18. Simulated ionization energy losses in one silicon wafer for galactic
proton and helium nuclei at solar minimum.

Fig. 19. Simulated ionization energy losses in one silicon wafer for solar
particles (peak flux May 7th 1978 flare) traversing the telescope. Clear and
dark area for helium nuclei indicate a flare composition of p/He=10 and
p/He=100, respectively.

to understand correctly rare particle observations in cosmic
rays at low energies.

LISA will offer the first possibility to map SEP flux cha-
racteristics and composition at small steps in longitude. These
studies are of major importance to solar physics and space
weather investigations.
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