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Abstract The experience gained with the current generation of X-ray telescopes
like Chandra and XMM-Newton has shown that low energy “soft” protons can pose
a severe threat to the possibility to exploit scientific data, reducing the available
exposure times by up to 50% and introducing a poorly reproducible background com-
ponent. These soft protons are present in orbits outside the radiation belts and enter
the mirrors, being concentrated towards the focal plane instruments, losing energy
along their path and finally depositing their remaining energy in the detectors. Their
contribution to the residual background will be even higher for ATHENAwith respect
to previous missions, given the much higher collecting area of the mirrors, even if the
instruments will likely suffer no significant radiation damage from this particles flux.
As a consequence this soft proton flux shall be damped with the use of a magnetic
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diverter to avoid excess background loading on the WFI or X-IFU instruments. We
present here a first complete evaluation of this background component for the two
focal plane instruments of the ATHENA mission in absence of a magnetic diverter,
and derive the requirements for such device to reduce the soft protons induced back-
ground below the level required to enable the mission science. We estimate the soft
proton flux expected in L2 for the interplanetary component and for the component
generated locally by acceleration processes in the magnetotail. We produce a proton
response matrix for each of the two instruments of ATHENA focal plane, exploiting
two independent Monte Carlo simulations to estimate the optics concentration effi-
ciency, and Geant4 simulations to evaluate the energy loss inside the radiation filters
and deposited in the detector. With this modular approach we derive the expected
fluxes and spectra for the soft protons component of the background. Finally, we cal-
culate the specifics of a magnetic diverter able to reduce such flux below the required
level for both X-IFU andWFI.

Keywords ATHENA · X-ray · Background · Monte Carlo · Geant4 · Space
environment · Soft protons · Ray-tracing

1 Introduction

When the first XMM-Newton datasets became available, sudden and intense increases
of the background level observed by the pn and MOS detectors were discovered (see
Fig. 1). These “flares” were totally unrelated to background rates measured by the
radiation monitor onboard XMM-Newton, and were eventually associated to protons
of energies in the few tens to few hundreds of keV [23], the so-called “soft protons”.
These soft protons flares increased the backgound level by several orders of magni-
tude for a fraction of the observing time close to 50%, forcing to discard nearly half
of the scientific data.

After some time, it was understood that, in addition to this flaring component,
also existed a quiescent soft proton component with poorly reproducible spectrum
and intensity contaminating data at all times that could constitute from 1/10 to 1/3 of
the cosmic ray (CR) component [11, 19]. These low energy particles thus limited the
exploitation of the data in two significant ways: firstly by reducing exposure times by
about 40-50% of time [20], and secondly by contaminating the remaining data with
a subdominant but poorly reproducible background component [21].

Soft protons interact with the X-ray optics in a similar way to photons, and as a
consequence are funnelled towards the focal plane where they impact the detectors.
Given the larger collecting area of the ATHENA mirrors with respect to XMM-
Newton, we expect their contribution to be even more significant. The challenging
scientific goals of the mission, such as the observation of faint/diffuse/distant sources
such as distant AGNs or galaxy clusters outskirts, impose strong requirements on the
level of the non X-ray background (NXB), and the soft protons induced background
can contribute up to a maximum of 10% (that corresponds to a flux of 5×10−4 cts
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cm−2 s−1 keV−1 in the 2-10 keV energy band). The solution is to introduce a high
magnetic field between the mirrors and the detectors to deflect these particles away
from the instruments field of view (FoV).

In this paper, we will address the problems of estimating the soft proton flux on
the ATHENA detectors and identifying the required features of a magnetic diverter
capable of reducing this flux below the mission requirement for the soft proton flux,
exploiting a modular approach: we analyze the L2 environment to understand what is
the flux that will impact on the optics (Section 2); we address the telescope transmis-
sion, as for the standard X-ray spectral analysis, with a soft protons response matrix
that includes the optics efficiency, the filters transmission and the energy deposited in
the detectors (Section 3); and we derive the expected flux levels and spectra detected
by the focal plane instruments (Section 4). Finally we calculate the features required
from the magnetic diverter to damp the flux below the level required by the mission
(Section 5).

Fig. 1 An example of an EPIC observation badly affected by soft protons flares. The light curve accu-
mulated from the full field of view shows an significant and abrupt increase in the background level some
37 ks after the beginning of the observation, with peaks up to 2 orders of magnitude above the quiescent
level. Note the difference in surface brightness on the EPIC MOS between the image on the left, which
was accumulated during the quiescent period and the one on the right accumulated during the flares. Most
importantly, no increase in the background level is seen in the outer parts of the detector which are not
exposed to radiation from the telescope [28]
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Table 1 Occurrence frequency distribution versus Y distance from L2 of the different regions computed
in bins of 10 Re , as sampled from the GEOTAIL satellite

Ybin (Re) Nevent fSW fMS fT A fBL fPS fLB

−90 0 X X X X X X

−80 0 X X X X X X

−70 0 X X X X X X

−60 447 0 1.0000 0 0 0 0

−50 1690 0 0.9923 0.0077 0.0077 0 0

−40 1576 0 1.0000 0 0 0 0

−30 1381 0 0.9254 0.0746 0.0529 0.0217 0

−20 4731 0 0.6540 0.3460 0.2581 0.0875 0.0004

−10 9630 0 0.6556 0.3444 0.2022 0.1281 0.0141

0 3146 0 0.3722 0.6278 0.3503 0.2486 0.0289

10 6108 0 0.1213 0.8787 0.4486 0.3991 0.0309

20 3784 0 0.2011 0.7989 0.4701 0.3021 0.0267

30 971 0 0.5850 0.4150 0.2122 0.1916 0.0113

40 1168 0 0.9050 0.0950 0.0377 0.0574 0

50 1369 0 0.9752 0.0248 0.0212 0.0037 0

60 1231 0 1.0000 0 0 0 0

70 0 X X X X X X

80 0 X X X X X X

90 0 X X X X X X

This example correspond to the distant magnetotail (distance > 185 Re from Earth). Ybin designates the
central value of the bins. In the table fSW is the Solar Wind Occurrence frequency, fMS the magnetosheath
Occurrence frequency, fT A the magnetotail Occurrence frequency, fBL the boundary layer Occurrence
frequency, fPS the plasma sheet Occurrence frequency, and fLB the lobe Occurrence frequency. The “X”
symbol indicates that there were no records in the bins (i.e., not sampled along the orbit)

2 The L2 environment

In this section we address the external particles flux impacting on the mirrors.
We make use of the results of the L2 environment analysis performed under the
AREMBES1 ESA contract.

To understand in which region ATHENA will fly we can assume for ATHENA the
same kind of orbits around L2 exploited by Planck, Hershel and eRosita satellites at
radii of 63, 100 and 157 Re (where Re is the Earth radius) around L2 in the plane
perpendicular to the Sun-Earth direction, respectively. By looking at Table 1 we can
find that ATHENA is expected to spend its entire lifetime inside the magnetosheath
(MS) or in the solar wind (SW): we then focused on the protons spectra measured
there.

1ATHENA Radiation Environment Models and X-Ray Background Effects Simulators
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2.1 The interplanetary flux of soft protons

The interplanetary space is composed by several particle populations of different
origins and characteristics (in terms of composition, energy spectrum, timing). In
particular, the main energetic particles components are: 1) the suprathermal tail of
the solar wind; 2) Solar Energetic particles (SEPs), which are occasionally emit-
ted at the Sun during eruptive events; 3) galactic cosmic rays, that penetrate the
heliosphere from interstellar space; 4) particle enhancements produced by transient
interplanetary shock waves, e.g., driven by coronal mass ejections (CMEs); 5) par-
ticle enhancements associated with the shocks that develop at the boundaries of
corotating interaction regions (CIRs), produced by the interaction between fast and
slow solar wind streams.

The estimation of the energetic particles radiation environment in the interplane-
tary space is essential to perform an assessment study related to any scientific mission
profile, as they can interact with the spacecraft and instruments. As already explained,
the proton component with energy in the range 50 keV < E < 1 MeV (hereafter
called soft protons) concentrated by the optics decreases the instrumental sensitivity.

To characterize the energetic particle environment at L2 point, we first used the
proton observations recorded by the WIND spacecraft during its flight in the distant
terrestrial magnetotail, wich provide direct estimates of the proton flux in the L2
region. We selected periods for which the WIND spacecraft was at distances X >

150 Re. Several soft proton enhancements were identified and compared with those
simultaneously observed by the EPAM/ACE instrument in the undisturbed solar wind
at L1.

We found that all the soft proton flux enhancements recorded by ACE at L1 are
observed at L2 as well for all the considered energies. For instance, a soft proton
flux enhancement was observed by ACE at L1 and by WIND in the far magnetotail
on December 2003. We derived the proton fluence spectrum by integrating the data
over the whole duration of the event (from 6 December 2003 at 22:55:32 UT to 8
December 2003 at 16:50:00). The obtained spectra, illustrated in Fig. 2, show that
the proton fluence spectra for the L1 (ACE data) location are only slightly higher
than those at L2 (WIND data) below 1 MeV. This feature has been found for several
events observed at both L1 and L2. Hence, we can reasonably assume that the proton
flux at L1 measured by ACE, whose data cover a long time period, can be used to
estimate the soft protons environment at L2, at least to provide an upper limit to those
of solar interplanetary origin (i.e., not produced in the Earth’s magnetosphere, see
next section), given that their level is sliglty higher than that at L1 (see Fig. 2).

In order to estimate the soft proton flux levels, a long term analysis of the hourly
proton flux data recorded aboard the ACE spacecraft by the EPAM/LEMS120 instru-
ment has been performed. The available data cover the period from August, 31 1997
to December, 31 2014, i.e., almost two solar cycles (n. 23 and n. 24).

Hourly proton flux data have been analyzed by evaluating Cumulative Dis-
tribution Functions (CDFs) for all the eight differential energy channels of the
EPAM/LEMS120 experiment (0.047-4.8 MeV). The CDFs of a random variable F’,
or of a distribution function of F’, evaluated at F, is the probability that F’ will take a
value less than or equal to F. The percentages of time (with respect to the total time
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Fig. 2 Proton fluence spectra of the proton enhancement observed on December 2003, obtained with
ACE (L1) and WIND (L2)

coverage) below different flux thresholds F can be easily evaluated from the CDFs
for each energy channel.

The flux levels and spectra below which the measured flux lies for a given per-
centage of time are reported in Table 2 (third row) and Fig. 4 for the 10%, the 50%
and the 90% cases.

2.2 The locally accelerated soft protons component

During active periods, the magnetosphere accumulates energy transmitted by the
solar wind through its boundary, the magnetopause, where magnetic reconnection
develops. This energy is first stored in the magnetotail as magnetic energy and is
then explosively dissipated during perturbated events called “magnetospheric sub-
storms”. The substorms occur recurrently at a time scale of 2-3 hours, and affect the
whole magnetospheric system. In the magnetotail, magnetic reconnection and current
sheet acceleration processes generate important energetic particle fluxes, including
electrons, protons and ions of both ionospheric (O+) and solar (He2+) origins.
The enhancement of energetic ion fluxes are directly related to the development of

Table 2 Spectral shapes resulting from the fit of GEOTAIL and ACE data below 200 keV. Fluxes are in
cts cm−2 s−1 keV−1 sr−1 while the energy E is in keV

F10% F50% F90%

Quiet MS 242 × E−2.05 238735 × E−3.21 860339 × E−2.94

Active MS 24980 × E−2.89 1.61e + 6 × E−3.26 6.95e + 6 × E−3.11

Interplanetary SW 4168.7 × E−2.54e
E

4000 44808.8 × E−2.74e
E

2380.9 3963.4 × E−1.62e
−E

3333.3
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substorms [8, 17, 27]. The accelerated ions then diffuse in the whole magnetotail and
beyond.

STEREO [18] measurements revealed than the energetic ions accelerated during
substorm could be detected inside the interplanetary medium at very large down-
tail distance (> 500 Re) and far away in the transverse direction (> 500 Re) from
the magnetotail [25]. The GEOTAIL spacecraft jointly lauched by JAXA and NASA
explored the distant tail and the surrounding regions during a dedicated 2 years cam-
paign (September 1992 – October 1994). GEOTAIL is the unique mission having
provided a long term survey of these regions. In the framework of AREMBES we per-
formed a systematical analysis of the energetic ion fluxes measurement obtained by
the EPIC/ICS experiment [29]. The EPIC/ICS provides the azimutal distribution (i.e.,
in the ecliptic plane) of the ions between 58 KeV and 3 MeV (for protons) in two
polar angles at 30 degrees appart the ecliptic plane. Combining Time-Of-Flight tele-
scopes and solid state detector, EPIC/ICS separates the detected ions into 4 groups:
P (Protons), HE (Heliums), CNO (Carbon, Nitrogen, Oxygen) and H (heavier ions).
The time resolution of the data used in this paper was of 96 seconds.

The data time-averaged over 5 minutes have been separated into two datasets
“quiet magnetosphere” (Auroral Electrojet Index AE < 125 nT ) and “active mag-
netosphere” (AE > 125 nT ), with respect to the Auroral Index value used as a
proxy of the geomagnetic activity. Then, for each dataset, the data have been sorted
into 7 classes with respect to the region where the measurement were performed (see
Table 1 and Fig. 3).

Finally, for each of these classes, the ion fluxes have been averaged on the
whole distribution of azimuthal directions (omnidirectional flux) and inside four 67.5
degrees wide azimutal sectors:

– the Tailward flux of protons streaming in the antisunward direction,
– the Duskward flux of of protons streaming in the westward direction,
– the Sunward flux of protons streaming in the sunward direction,
– the Dawnward flux of of protons streaming in the eastward direction.

Given that the pointing directions of ATHENA are centered on the plane per-
pendicular to the Sun-Earth direction, for this study we take into account only the
fluxes measured in the Duskward and Dawnward directions (averaged to obtain the
“sideward” flux) in the magnetosheath region.

The AREMBES analysis provided the flux thresholds below which the GEO-
TAIL satellite measured flux lies for a given percentage of time, and we took into
account the 10%, the 50% and the 90% cases (see Table 2 and Fig. 4). It must be
noted that the lowest energy measured byGEOTAIL is ∼ 58 keV, while we extended
the fitted spectrum down to few keV in order to be able to dive into the energy range
useful for our calculations.

3 ATHENA soft proton response matrix

A response matrix used to deconvolve the observed spectra and determine the phys-
ical parameters of the source emission is a common tool in the standard X-ray
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Fig. 3 Cross-section of the magnetotail and surrounding regions [13]. In the figure SW indicates the solar
wind; MS the magnetosheath; LB the lobe; BL the boundary layer including plasma mantle and low-
latitude boundary layer (LLBL); PS is the plasma sheet, including central plasma sheet (CPS) and plasma
sheet boundary layer (PSBL)

data analysis. Spectral fitting are, in fact, generally performed with XSPEC [12]
an interactive X-ray spectral-fitting program opportunely designed to be detector-
independent, in which response matrices take care of the instrument characteristics.

A first attempt to produce a response matrix to analyse XMM-Newton data of
flaring events due to soft protons has been presented by [22]. This matrix allows us
for a study of the environmental characteristic of the Earth magnetosphere crossed by
the satellite orbits with a precision mainly limited by systematics in the theoretical
models for the interaction of protons with all the telescope components. Considering
the flexibility of this tool, we decided to use response matrices in computing the
rates and the spectra due to soft proton contaminations for the ATHENA focal plane
instruments. This was easily performed within XSPEC with the command FAKEIT

that creates simulated spectra from any given theoretical model.
The format of the response matrix, as defined by the Office of Guest Investigators

Program (OGIP) for high-energy astrophysics projects, is Flexible Image Transport
System (FITS) conform to the OGIP Calibration Memo CAL/GEN/92-0021.2 In
analogy with X-ray analysis, the proton response matrix contains the probability that
an incoming proton of energy E is detected in the output detector channel PHA. It
is composed of two FITS files: i) the ancillary response file (arf ) with the effective
area computed as the product of the telescope grasp, the filter transmission and the
probability that an absorbed proton is detected in the working energy ranges of the
ATHENA instruments; ii) the detector redistribution matrix file (rmf ) that stores in

2http://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/docs/memos/calgen92002/calgen92002.html

http://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/docs/memos/calgen92002/calgen92002.html
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Fig. 4 The maximum fluxes measured by GEOTAIL and ACE, for a given fraction of the time spent in
each zone

a 2-d array (energy vs PHA channel) the probability that a proton with energy Ei is
detected in the channel PHA correspondent to the energy Eo.

The X-IFU matrix has 500 rows each correspondent to an input proton energy uni-
formly distributed in the range 27–400 keV and 512 PHA output channels uniformly
distributed in the range 0.2-12 keV. TheWFI matrix has 81 rows with 1 keV step ener-
gies in the range 19–100 keV and 512 PHA output channels uniformly distributed in
the range 0.1-15 keV.

In the following subsections we present in detail the physical models of the proton
interactions with the mirror shells, the filters and the detectors adopted in the pro-
duction of the response matrices, together with the check we performed to test the
results.

3.1 Mirror simulator

The mirror contribution to the telescope efficiency is introduced in the arf file with
the grasp G(ϑ, E) defined as:

G(ϑ, E) = 2π

∫ ϑmax

0
A(ϑ, E) sin degϑ dϑ (1)

where E is the proton energy, A(ϑ, E) the effective area at the incident angle ϑ

and [2π sin degϑ dϑ] is the differential solid angle integrated up to the maximum
off-axis angle ϑmax .
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This function was obtained independently with two different codes: a ray-tracing
and a Geant4 [1–3] based simulator. The ray-tracing is a Monte Carlo stand alone
code able to simulate either photons or protons. It is a modified version of on a exist-
ing code used for the on-ground and in-flight calibration of the photon effective area
of the X-ray telescopes BeppoSAX [9] and Swift [10]. It follows the particle through
the interactions with the mirror shells up to the focal plane taking into account the
geometry of the optics and the effects of the mounting system for the SPO plates.
Pores are included in the simulator assuming that all protons that interact with the
uncoated surfaces are stopped; this is equivalent to the assumption that these pro-
tons are scattered far from the detector region. The Remizovich proton reflection
model implemented in the ray-tracing code was derived by [26] solving the transport
equation for glancing incident ion beams in the diffusion approximation under the
assumption of almost elastic reflection. The adopted formula is given in [22].

Independent Geant4 simulations of soft proton scattering have been carried
out as part of the ESA/AREMBES project activities with the aim of validat-
ing the proposed physics models for proton scattering at grazing angles. Using
both Coulomb scattering and the Remizovich solution, in the approximation of
no energy losses, the Geant4 simulated scattering efficiency is compared in [14,
16] to laboratory measurements (for proton energies > 250 keV). Both mod-
els confirm the peak in scattering probability at specular angles, and are well
consistent with the measurements for scattering angles > 1 degree. For smaller
angles, the Remizovich model predicts a scattering probability more than twice
what obtained by using Coulomb scatterings. The Geant4 mass model of the full
ATHENA SPO has also been developed, using conical approximations to build the
paraboloid-hyperboloid Wolter-I sections. Such approximations reduce by 20% the
total proton transmission with respect to the use of the exact SPO design imple-
mented in the ray-tracing simulator. See [15] for a detailed description of the
mass model.

A detailed comparison between the Geant4 code and the ray-tracing results
showed an agreement in the transmission factors at level of ∼ 10%.

The mirror response introduced in the response matrix was computed with the ray-
tracing code, assuming a Wolter 1 mirror profile with 12 m focal length and ∼2 m2

effective area at 1 keV. Pores have 1 mm azimuthal width, 0.605 mm radial width and
0.17 mm septal thickness. The proton reflection is computed using the Remizovich
model that is the most efficient reflection model we investigated [14]. To compute
ATHENA grasp, proton incident directions are uniformly generated in a solid angle
with a maximum off-axis of 5◦ and events reaching the focal plane are considered if
they are contained in a 2.5′ and 20′ radius circle for X-IFU and WFI, respectively.

3.2 Filters and detector simulator

After being funnelled by the ATHENA SPO the soft protons will cross the filters of
the two focal plane instruments, losing a fraction of their energy inside them and will
eventually be detected by the instruments. To compute the effects of the filters and
the detection efficiencies, we use ad-hoc Geant4 Monte Carlo simulations where the
filter and the detectors are opportunely modelled.
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Fig. 5 Transmission efficiency for the X-IFU (left, blue) and WFI (right, red) filters computed as the
probability that a proton crossing the filter is detected in the energy working range of the detectors

The X-IFU design includes 5 thermal filters of identical thickness whose baseline
foreseen a total of 0.28μmKapton filter and 0.21μmAluminummesh [4]; the detec-
tor is simulated as a 1 μm Au - 4 μm Bi bilayer, as in the real case. TheWFI [7] will
also be equipped with filters to block the optical-UV contamination. They are com-
posed by a Kapton mesh of 0.35 μm plus an Aluminum layer of 0.04 μm thickness.
The detector mass model implemented in Geant4 is composed by 4 different layers:
0.07 μm Aluminum, 0.035 μm Silicon Nitrate, 0.035 μm Silicon Dioxide and 450
μm Silicon.

To compute the effects of the filters we shoot a flat spectrum of protons between
1 and 150 keV towards the detectors and derive the filter transmissions as the prob-
ability that an event crossing the filter is detected in the energy working range
of the two instruments; the transmission functions used in the matrix are plotted
in Fig. 5.

In the X-IFU simulation the five filters were modeled separately with different
radii and distances from the detector [4], while in theWFI simulations a simple multi-
layer slab geometry is considered without any separation between the filter and the
detector. In both simulation sets, protons were shot perpendicularly to the highest
surface considering that the incident angles of the focused protons were small enough
(a few degree from the optical axis) to consider this approximation correct.

The filters design is however still under development, an updated design for the
optical filters can be found in [5, 6]; the differences in the transmitted fraction of soft
protons with respect to the currently simulated setup is below a factor of 3.

The interaction with the detector is included in the rmf file where each row was
built with the Geant4 simulation using mono-energetic beams of protons and consid-
ering the energy deposited in the detector working energy range after crossing the
filters. The number of input events is varied in order to have similar output statis-
tics for all input energies. The accumulated spectra were then normalised to one as
required by the format of the matrix, being all efficiency included in the arf file.

The redistribution matrix relative to the input proton energy of 60 keV for the
X-IFU (left panel) and theWFI (right panel) is shown in Fig. 6.
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Fig. 6 Row of the redistribution matrix relative to the input proton energy of 60 keV for the X-IFU (left,
blue) and the WFI (right, red)

4 The expected fluxes at the focal plane and the requirements
for the magnetic diverter

Using the response matrices and the tool FAKEIT within XSPEC, we derive the
expected fluxes and spectra of soft protons at the focal plane level in absence of a
magnetic diverter, compare it to the desired background level, and derive the required
efficiency of the diverter. Integrating these spectra over the whole energy range we
can find the total flux expected on the X-IFU and on the WFI. Table 3 presents the
rates detected in the energy range 2-10 keV by the two focal plane instruments for
each of the considered L2 input spectrum, and Figs. 7, 8 and 9 the corresponding
spectra. The different shape of the detected spectra in the two detectors is due to the
different filters configuration (see Figs. 10 and 6). As an example, the spectra of ini-
tial energies of the soft protons that reach the focal plane with 2 < EFPA < 10 keV
are plotted in Fig. 10 for X-IFU andWFI.

The requirement on the level of background induced by soft protons on the focal
plane instruments is 10% of the background induced by GCR for 90% of time,
i.e., 5 × 10−4 cts cm−2 s−1 keV−1. As a consequence, the soft protons induced
background in the energy range 2–10 keV should not exceed 4× 10−3 cts cm−2 s−1.

We take into account the worst case among the ones shown in Table 3, that is the
active magnetosheath for the 90% input flux. In this case it is necessary to block

Table 3 Integrated fluxes expected on the X-IFU and WFI for the different environments described in
Section 2

X-IFU WFI

F10% F50% F90% F10% F50% F90%

Quiet MS 0.0001 0.001 0.01 0.001 0.01 0.13

Active MS 0.0004 0.006 0.04 0.004 0.07 0.52

SW 0.0003 0.001 0.01 0.003 0.01 0.11

Fluxes are expressed in cts cm−2 s−1
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Fig. 7 Detected spectra for the 10%, 50% and 90% levels for X-IFU (left) and the WFI (right) relative to
the Quiet MS

Fig. 8 Detected spectra for the 10%, 50% and 90% levels for X-IFU (left) and the WFI (right) relative to
the Active MS

Fig. 9 Detected spectra for the 10%, 50% and 90% levels for X-IFU (left) and the WFI (right) relative to
the Solar Wind
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∼ 90% of the incoming flux for X-IFU and ∼ 99% for the WFI. If we look at the
cumulative curve for this spectrum (see Fig. 11) we can see that this corresponds to
blocking protons with energies up to ∼ 66 keV for the X-IFU and up to ∼ 76 keV
for the WFI.

5 The required efficiency of the magnetic diverter

In the following we will derive the requirement for the magnetic field B of the
ATHENA Magnetic Diverter (MD). We refer to the Halbach configuration, which is
the current ESA baseline for the ATHENA magnetic diverter. We take into account
the worst case of a proton entering the MD from the edge of the optics to the oppo-
site side of the MD. For the X-IFU the requirement is set by the necessity to deflect a
∼ 66 keV proton outside the entrance window of the cryostat, while for the WFI the
requirement is defined by the necessity to deflect a ∼ 76 keV proton outside the
instrument area. The problem is schematized in Fig. 12.

The MD inner diameter d0 is determined by its distance from the focal plane, L0
and the angle γ , given that the projection of the MD on the focal plane is supposed
to be at least equal to the detector diagonal:

d0 = D − 2L1tan(γ ) (2)

A particle that comes from the edge of the optics will enter the MD on its opposite
edge with an angle

α = −arctan
D + d0

2L1
(3)

Assuming that the particle will cross the MD in a time t = L0/v, the deflection
angle will be:

θ = qBL0

mv
(4)

and therefore the particle will exit the MD with an angle

β = α + θ (5)

Fig. 10 Spectra of initial energies of the protons that reach the focal plane with 2 < EFPA < 10 keV for
the worst case of active magnetosheath (90% of time) for X-IFU (left) and WFI (right)
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Fig. 11 Cumulative curves of the incoming flux on the focal plane instruments for the worst case of active
magnetosheath (90% of time), X-IFU (left) and WFI (right)

We define β∗ as the angle subtended by the detector, representing the critical angle
for a particle to be deflected:

β∗ = arctan(
d + L2tan(γ )

L2
) (6)

In the case of the X-IFU detector, we need to deflect the 66 keV particles outside
the cryostat baffle. The entrance aperture of this baffle has a diameter of 21.9 cm and
extends above the focal plane for 80 cm. Varying the linear size of the diverter, from
L0 = 18 cm up to L0 = 5 cm, and its position, from L2 = 1.6 m up to L2 = 1 m,

Fig. 12 Schematic of the magnetic diverter, where: FL is the focal length of the telescope; L0 is the MD
height along the line of sight; L1 is the distance of the MD from the mirrors; L2 is the distance of the MD
from the FP; D is the optics diameter; d is the detector diagonal; d0 is the inner radius of the MD, given γ it
will depend on L1 = FL−L2−L0; α is the angle from the edge of the optics to the MD; β∗ is the critical
angle from the edge of the MD to the opposite side of the detector. (Particles exiting the MD with angles
higher than β will not intercept the detector); γ is the angle from the edge of the optics to the detector
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we range a magnetic field B as:

B =
⎧⎨
⎩
0.12 T forL0 = 18 cm andL2 = 1.6m

0.78 T forL0 = 5 cm andL2 = 1m
(7)

For the WFI, we need to deflect the 76 keV particles outside the detector area
(diameter∼ 21.2 cm). Varying the linear size of the diverter as we did for the X-
IFU case, we range a magnetic field B as:

B =
⎧⎨
⎩
0.1 T forL0 = 18 c m andL2 = 1.6m

0.4 T forL0 = 5 cm andL2 = 1m
(8)

6 Summary and conclusions

We have estimated the soft proton induced background component for both
ATHENA focal plane instruments. We adopted a modular approach: in Section 2 we
determined the particle environment in wich ATHENA will dwell, and derived the
incident proton spectra expected from the available experimental data (see Table 2).
In Section 3 we created response matrices for both the focal plane instruments, to
describe the soft protons interaction with the optics, the filters and the detectors. In
Section 4 we exploited these information to calculate the background induced by
soft protons on the focal plane detectors in all the considered environments: With
the present assumptions we expect, as worst case, a 2-10 keV rate of 4 × 10−2

cts cm−2 s−1 for the X-IFU and 0.52 cts cm−2 s−1 for the WFI. Due to the energy
lost inside the radiation filters and to the narrow energy band of the instruments, the
major contribution is given by protons with intermediate energies: ∼ 80% of the con-
tribution on the is given by protons with 45 ≤ E ≤ 65 keV on both instruments. We
remark that the optics, the filters configuration, and the protons reflectivity models
are still under discussion and can be subjected to changes in the future.

The level of background induced by soft protons on the focal plane instruments
is required to not exceed 4 × 10−3 cts cm−2 s−1 in the 2–10 keV energy band,
so it is mandatory to adopt solutions to reduce or discriminate the flux at the focal
plane level. The standard solution, already used to deflect electrons in the XMM-
Newton and Swift missions [24, 30], is to deflect the charged particles away from the
field of view of the instruments using a strong magnetic field.

In Section 5 we developed a simple model of such magnetic diverter and calculated
the magnetic field necessary to reduce the background below the requirement: from
this model we found that increasing the diverter linear size L0 reduces the required B

since the particles experience it for a longer flight time, while decreasing the distance
of the MD from the focal plane L2 increases the required deflection angle and thus
the required B.

Results presented in Section 4 showed that it is necessary to reject protons with
energies up to ∼ 66 keV for the X-IFU and up to ∼ 76 keV for the WFI, and this
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requires a magnetic field in the 0.12-0.78 T range for the X-IFU and in the 0.1-0.4 T
for theWFI (the exact value depending on the geometry of the system).

We remark however that the optics, the filters configuration, and the protons
reflectivity models are still under discussion and can be subjected to changes in the
future. In particular, considering that the model for the proton reflectivity used in this
paper assumes an efficiency higher that the measured one, a reduction up to a fac-
tor four could be achieved if the next lab measurements foreseen in the ESA contract
EXACRAD will validate the Coulomb scattering as best model [14]. Conversely, the
updated design for the optical filters based on thinner filters [5, 6] would produce an
increase of the soft proton rate up to a factor three depending on the incident spec-
trum. We then think that the need of introducing a proton diverter in ATHENA design
coming from the results of this paper cannot be easily overtaken.
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