
Gomes et al. Earth, Planets and Space          (2026) 78:157  
https://doi.org/10.1186/s40623-026-02432-9

FULL PAPER

Calibration of the BepiColombo 
environmental radiation monitor (BERM) 
and cross‑calibration with solar intensity X‑ray 
and particle spectrometer (SIXS) during solar 
energetic particle events
António Gomes1,2*   , Marco Pinto1,2   , Carlota Cardoso1, Rami Vanio3, Eero Esko4, Emilia Kilpua4, 
Arto Lehtolainen4, Philipp Oleynik3   , Beatriz Sánchez‑Cano5   , Nina Dresing3, Jan Gieseler3, 
Christian Palmroos3, Arlindo Marques6 and Patrícia Gonçalves1,2 

Abstract 
The BepiColombo Environment Radiation Monitor (BERM) is a housekeeping instrument onboard the Bepi‑
Colombo mission, capable of measuring electron, proton, and heavy-ion fluxes. Due to its quasi-continuous 
data acquisition throughout all mission phases, BERM provides valuable contributions to both mission opera‑
tions and scientific analysis of the space radiation environment. This study presents the calibration method‑
ology applied to the electron and proton channels of BERM, along with its validation and cross-calibration 
with the solar intensity and X-ray spectrometer (SIXS), also onboard of BepiColombo mission. The bow–tie method 
was employed to calibrate each channel by determining its effective energy and geometric factor enabling 
the conversion of count rates into physical fluxes. The calibration validation with SIXS data of BERM proton chan‑
nels P1 to P5 result in a mean deviation in the flux lower than 6%. BERM calibrated channels proved to be consist‑
ent with SIXS measurements, enhancing the relevance of BERM to the analysis of the space radiation environment, 
and in particular to Solar Energetic Particles (SEP) events.
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1  Introduction
BepiColombo is a joint mission of the European Space 
Agency (ESA) and the Japan Aerospace Exploration 32 
Agency (JAXA) to explore Mercury, the closest planet to 
the Sun. Launched in October 2018, the mission is com-
posed of two spacecrafts: the Mercury Planetary Orbiter 
(MPO) (Benkhoff et al. 2021), provided by ESA, and the 
Mercury Magnetospheric Orbiter (MMO) (Murakami 
et  al. 2020), provided by JAXA. The mission will enter 
Mercury’s orbit in late 2026, following an 8-year inter-
planetary cruise that includes multiple gravity-assist 
maneuvers of Earth, Venus, and Mercury (Benkhoff et al. 
2021; Milillo et al. 2020; Sánchez-Cano et al. 2025).

The scientific objectives of BepiColombo are to inves-
tigate in detail the Mercury’s surface composition, inter-
nal structure, exosphere, and magnetosphere. To achieve 
these goals, the MPO is equipped with several dedicated 
instruments: the Mercury Imaging X-ray spectrom-
eter (MIXS), for mapping surface elemental composi-
tion via solar-induced X-ray fluorescence  (Fraser et  al. 
2010; Bunce et al. 2020); the BepiColombo Environment 
Radiation Monitor (BERM), which measures high-energy 
charged particles throughout the mission  (Pinto et  al. 
2022); the Solar Intensity X-ray and particle Spectrom-
eter (SIXS), which measures solar X-ray flux and solar 
and magnetospheric energetic particles  (Huovelin et  al. 
2020); the Mercury Radiometer and Thermal Infrared 
Spectrometer (MERTIS), for mapping surface mineral-
ogy and temperature  (Hiesinger n.d.); the BepiColombo 
Laser Altimeter (BELA), for measuring topography and 
surface morphology of Mercury (Thomas et al. 2021); the 
Italian Spring Accelerometer (ISA), to study Mercury’s 
gravity field and gravity anomalies  (Iafolla et  al. 2010; 
Lucente et  al. 2022); and the SERENA suite (Search for 

Exospheric Refilling and Emitted Natural Abundances), 
dedicated to characterising the neutral and ionised exo-
sphere and surface–exosphere interactions  (Orsini et al. 
2010). In addition, the MPO magnetometer (MPO–
MAG) characterises the Hermean magnetic field (Heyner 
et al. 2021).

The MMO, complements this payload with instruments 
designed to investigate Mercury’s plasma environment. 
It includes the Mercury Plasma Particle Experiment 
(MPPE), for analysing solar wind and magnetospheric 
plasma  (Saito et  al. 2010); the MMO Magnetometer 
(MMO/MGF), for high-resolution magnetic field meas-
urements  (Baumjohann et  al. 2010, 2020); the Plasma 
Wave Investigation (PWI), for electric and magnetic wave 
analysis (Kasaba et al. 2010, 2020); and the Mercury Dust 
Monitor (MDM), for detecting micrometeoroids and 
interplanetary dust (Nogami et al. 2010; Kobayashi et al. 
2020). Together, this comprehensive payload enables 
simultaneous multipoint and multi-scale measurements 
of Mercury’s environment, providing enhanced observa-
tional capabilities compared to previous missions, such 
as NASA’s MErcury Surface, Space ENvironment, GEo-
chemistry, 58 and Ranging (MESSENGER) (Mcnutt et al. 
n.d.).

Onboard the MPO, the BERM instrument plays a key 
role in monitoring the radiation environment through-
out all mission phases. BERM continuously measures 
high-energy particles, including electrons (150  keV to 
10  MeV), protons (1.5 to 100  MeV), and heavy ions 
characterized by their linear energy transfer (LET) val-
ues  (Pinto et al. 2022). Despite having been designed to 
monitor the spacecraft health, BERM also makes scien-
tific observations, contributing to characterizing solar 
energetic particless (SEPs) and galactic cosmic rays 
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(GCRs) and supporting space weather studies. Accu-
rate calibration of BERM’s response is, therefore, essen-
tial to ensure reliable particle flux measurements, and 
cross-calibration with other instruments such as SIXS 
(Huovelin et  al. 2020) that provides a valuable bench-
mark for validating spectral and temporal consistency 
across these independent detectors. This work presents 
the calibration methodology applied to BERM’s electron 
and proton channels, along with its validation based on 
the comparison with SIXS measurements. The integra-
tion of both BERM and SIXS within the same spacecraft 
platform, combined with their overlapping energy ranges 
(see Table 1), makes SIXS an ideal instrument for cross-
calibration and a valuable reference for refining BERM’s 
calibration. A similar cross-calibration analysis was pre-
viously done with Parker Solar Probe (PSP) HET instru-
ments resulting in a proton calibration factor of 0.74, 
numerical value needed to apply to HET flux to obtain 
BERM equivalent flux, as presented in (Khoo et al. 2024). 
In this work it was used one BERM proton channels with 
an energy range of 20.7–31.4 MeV and HET channels 
combined to have an energy range of 19–32 MeV.1

Section  2 describes the radiation environments 
encountered by the spacecraft during the different phases 
of the mission. Section  3 provides an overview of the 
BERM instrument, including its capabilities and oper-
ating principles. Section  4 outlines the key steps in the 
instrument characterisation process, which are essen-
tial for deriving accurate response functions and, conse-
quently, reliable calibration. The bow–tie method used 
for channel calibration is introduced in Sect.  5, along 
with its specific implementation for the electron and pro-
ton channels. The main results of the calibration analysis 
are presented in Sect. 6, and the conclusions are summa-
rised in Sect. 7.

2 � Radiation environment
Throughout its interplanetary cruise, BepiColombo is 
subject to several sources of space radiation:

•	 Galactic cosmic rays (GCRs), originating from out-
side the solar system, are highly energetic charged 
particles, primarily protons and heavy ions. Their 
spectrum extends from 106 eV to 1017 eV. The GCR 
flux is modulated by solar activity. It increases dur-
ing solar minimum and decreases during solar maxi-
mum due to changes in the heliospheric magnetic 
field (Potgieter 2013; Honig et al. 2019). This modula-
tion is clearly seen in BERM data throughout cruise 
phase, which started just before solar cycle 25 and is 
now at its maximum, see fig.1b).

•	 Solar Energetic Particles (SEPs), are sporadic bursts of 
high-energy particles, primarily composed of protons 
and electrons, accelerated by solar flares and coronal 
mass ejections. Their intensities can vary by orders of 
magnitude and reach energies from tens of keV up to 
hundreds of MeV (Kahler 2007; Reames et  al. 1997; 
Reames 1999; Emslie et al. 2004). BepiColombo, due 
to a combination of its proximity to the Sun and 
long cruise, which covered half of a solar cycle, has 
encountered numerous SEP events with relatively 
large intensities, see Fig. 1a). The complete list of SEP 
events detected by the mission until May 2024, is 
provided in (Sánchez-Cano et al. 2025).

•	 Earth radiation belts, encountered during BepiCo-
lombo’s Earth gravity-assist, are regions of trapped 
high-energy electrons and protons confined by the 
Earth magnetic field, (Barth et  al. 2003; Jun et  al. 
2019). Although BepiColombo was not designed to 
study these particles, the passage through the Van 
Allen belts provided an opportunity to validate the 
instrument’s response to intense and well-known 
radiation environments and to perform early in-flight 
calibration checks. A dedicated paper on BepiCo-
lombo’s Earth flyby is currently in preparation.

•	 Mercury magnetosphere, although Mercury pos-
sesses a global magnetic field, its strength is about 
1% of Earth’s, resulting in a very small magneto-
sphere  (Anderson et  al. 2011). Theoretical mod-
els and previous observations from missions such 
as MESSENGER  (Mcnutt et  al. n.d.) suggest that 
this weak magnetic field is insufficient to sustain 
long lived radiation belts analogous to those at 
Earth  (Lawrence et  al. 2015; Ho et  al. 2011). Con-
sequently, the occurrence of stable trapped parti-
cle populations is unlikely. Given BERM’s energy 
ranges and the predicted electron flux levels, it is not 
expected that the instrument will detect trapped par-
ticles during the Mercury orbital phase, since MES-
SENGER has only detected electrons with energies 
lower than ∼300 keV  (Lawrence et al. 2015).

•	 Solar wind particles, a continuous outflow of charged 
particles, mostly protons, electrons, and alpha par-

Table 1  Electron and proton energy ranges and resolution for 
BERM and SIXS instruments

BERM SIXS

Particle Type Electrons Protons Electrons Protons

Energy Range (MeV) 0.15–10 1.5–100 0.05–10 1–100

N
◦ Channels 5 8 7 9

1  The value presented in this paper, 1.35 is the calibration factor needed 
to apply to BERM flux in order to obtain the HET equivalent flux, 
0.74 = 1/1.35.
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ticles, from the solar corona (Yardley et  al. 2024). 
While these particles are of lower energy than GCRs 
or SEPs, typically reaching energies of ∼ 1 keV for 
protons, they form the background plasma environ-
ment through which BepiColombo travels (Chitta 
et al. 2023).

Among these particle sources, GCRs and SEPs are the 
dominant contributors to the high-energy particle fluxes 
observed by BERM.

3 � Instrument description
BERM is a compact, lightweight particle detector 
integrated into the MPO as part of the spacecraft’s 
housekeeping suite. Despite its operational role in Bepi-
Colombo, BERM is able to provide valuable scientific 
measurements of the energetic particle environment 
throughout the mission (see Sect.  2). The primary pur-
pose of the instrument is to monitor the flux of high-
energy particles in space providing a diagnostics tool 
for spacecraft anomaly investigation (Pinto et  al. 2025). 

High-energy particles can cause short and long-term 
effects in spacecraft electronics, such as total ionizing 
dose (TID), displacement damage dose (DDD), and sin-
gle event effects (SEE) (Oldham and McLean 2003; Srour 
et  al. 2003; Dodd and Massengill 2003). TID and DDD 
accelerate the aging of electronic components leading 
to parametric failure or even malfunctions. SEEs are the 
result of single particle interactions within the sensitive 
part of the electronics. They can cause a variety of effects 
from single and multiple bit flips in memory cells which 
can disrupt operations and/or corrupt data, to latch-ups 
which may effectively destroy a component.

BERM employs a standard single-stack telescope, simi-
lar to those previously flown in the Standard Radiation 
Environment Monitor (SREM) and the MultiFunctional 
Spectrometer (MFS) (Mohammadzadeh et  al. 2003; 
Arruda et  al. 2016). It is composed of 11 fully depleted 
passivated ion-implanted planar silicon detectors, inter-
leaved with aluminium and tantalum absorbers. This 
configuration allows the instrument to detect and char-
acterize particles over a wide energy range, electrons 

Fig. 1  Overview of BERM data throughout the cruise phase. a Overview of the first proton channel (2.15 MeV) data from BERM, highlighting 
the detection of SEP events during the mission (peaks above the background level). The first high peak, during April 2020, corresponds 
to the detection of the Earth radiation belts, during the Earth flyby. b GCR background measured by BERM’s first heavy ion channel (HI1), which 
is sensitive to high-energy protons, approximately [1.5;3] MeV (described in more detail in Gomes (2023)). HI1 channel also detects a few SEPs, 
shown as data points above the background level. c Monthly total sunspot number (SSN) during the BepiColombo cruise phase (Clette n.d.), 
with Mission distance to the Sun plotted as a red line. This figure shows that the rate of SEP events increases with rising SSN, while the GCR flux 
decreases as SSN increases
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with energies between approximately 150  keV and 
10  MeV, protons between 1.5  MeV and 100  MeV, and 
heavy ions characterized by their LET, ranging from 1 to 
50 MeV mg−1 cm2 (Pinto et al. 2022). A 25 µm beryllium 
entrance window filters out low-energy electrons and 
protons, setting the lower energy limit for particle detec-
tion. The telescope’s field of view is approximately 34◦ , 
oriented anti-sunward during the cruise phase. BERM 
processes particle events onboard, assigning them to pre-
defined energy and species bins: five for electrons, eight 
for protons, and five for heavy ions (see Table 1).

3.1 � Working principle
The BERM silicon detectors allow particle identifica-
tion based on both the total deposited energy and the 
specific energy deposition pattern across the detector 
stack. A key parameter for this identification is the pen-
etration depth of the particle, determined from the last 
detector in which energy deposition is recorded  (Pinto 
et al. 2022). Each of the 11 silicon detectors is connected 
to a dedicated channel of the VA32TA2.2 ASIC, a cus-
tom application-specific integrated circuit developed by 
IDEAS (datasheet obtained per request from www.​ideas.​
no.) This ASIC architecture handles signal acquisition as 
follows:

•	 Preamplifier: Converts the charge pulse from the 
detector into a voltage signal.

•	 Fast shaper and trigger: A fast shaping amplifier fol-
lowed by a discriminator. In BERM’s current con-
figuration, only the fast shaper, connected to the first 
detector (D1), is used to generate trigger signals.

•	 Slow shaper: Provides shaped analog outputs opti-
mized for energy measurement.

When a valid fast trigger is issued (i.e., the signal in D1 
exceeds threshold), the ASIC outputs from all 11 detec-
tors are sampled and digitized. The digitized signals are 
then sent to a field-programmable gate array (FPGA) for 
discriminating and further processing (Pinto et al. 2022).

The FPGA is responsible for the following operations 
(presented in Fig. 3): 

1.	 Analog-to-digital conversion (ADC) and readout: 
The digitized signal amplitudes are read for all detec-
tors upon a valid trigger.

2.	 Energy reconstruction: Energy values are recon-
structed using a look-up table (LUT) that corrects 
the ADC output based on factors, such as detector 
size and noise.

3.	 Event validation: The FPGA discards anomalous sig-
nals, and ensures that the deposited energy profile is 

consistent with physical expectations of a single par-
ticle event.

4.	 Particle identification/binning: The type of incident 
particle (electron, proton, or heavy ion) is deter-
mined by analyzing the energy deposition profile. 
This includes identifying the detector, where maxi-
mum energy is deposited (IDMAX), and applying 
specific thresholds to classify the event. Once classi-
fied, events are attributed to one of the 18 predefined 
channels (5 for electrons, 8 for protons, 5 for heavy 
ions). The FPGA maintains count bins for each chan-
nel, integrating over 30-s intervals, Fig. 2.

4 � Instrument characterisation
The BERM calibration is essential to ensure the physi-
cal reliability of its in-flight measurements. In a previous 
work (Pinto et al. 2022), the first detailed characterisation 
of BERM was performed, establishing response curves 
for each detector and determining the instrument’s trig-
ger level. This was achieved through a dedicated calibra-
tion campaign carried out with monoenergetic proton 
beams at the Proton Irradiation Facility (PIF) of the Paul 
Scherrer Institute (PSI) (Pinto et al. 2022). The objective 
was to determine the energy deposition response of each 

Fig. 2  Representation of BERM physical concept, with the 11 silicon 
detectors (green layers), tantalum collimator and shielding (grey 
layers), aluminium shielding (cream colour layers) and beryllium 
entrance (yellow layer). All units in millimetre. First detector is label 
as D1, second is D2 until last detectors label as D11

http://www.ideas.no
http://www.ideas.no
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individual silicon detector under controlled laboratory 
conditions. Protons with energies ranging from 10 MeV 
to 220  MeV were directed at BERM. For each beam 
energy, the energy deposited in each of the 11 detec-
tors was measured and compared with GEometry ANd 
Tracking (Geant4) (Agostinelli et al. 2003) simulations of 
the instrument. This procedure enabled direct validation 
of the detector stack model and the extraction of charac-
teristic response curves for each detector.

The results of this campaign also highlighted the need 
for a more detailed assessment of the instrument’s trig-
ger level. Gomes (2023) carried out a detailed analysis of 
the trigger threshold, together with a study of electronic 
cross-talk between detectors and an investigation of 
noise correlations in adjacent detectors.

4.1 � Trigger calibration
The detection of a particle in BERM is triggered when the 
signal in the first detector (D1) exceeds a predefined elec-
tronic threshold. Accurate knowledge of this threshold 
is crucial, as it determines the minimum energy a parti-
cle must deposit to be recorded. This parameter plays a 
particularly important role in the calibration of electron 
channel E1, whose sensitivity is limited to a narrow range 
of low deposited energies, making it highly susceptible to 
small variations in the threshold setting (Gomes 2023).

To calibrate the threshold in terms of deposited 
energy, two complementary methods were employed. 
The first method involved analysing the energy depos-
ited in BERM’s first detector (D1) using proton beams 
of varying energies. From this analysis, a linear calibra-
tion curve was obtained, where the minimum curve value 
corresponds to the minimum energy required to trigger 
the instrument (Pinto et  al. 2022). The second method 

made use of the BERM Engineering Qualification Model 
(EQM) (a replica of BERM instrument) and radioac-
tive sources of 137Cs and 90Sr, which emit beta particles 
with well-characterised energy spectra. By measuring 
the energy deposited in D1 under different threshold 
settings, the effective trigger level and its dispersion in 
ADC units were mapped to corresponding deposited 
energies  (Gomes 2023). The combination of these two 
methods yielded a robust calibration of the D1 threshold, 
which was found to be 220± 24 keV. The relatively large 
uncertainty in the threshold value arises from the signifi-
cant dispersion of the electronic threshold signal. Con-
sequently, BERM is capable of detecting electrons with 
energies below 220  keV; however, its sensitivity in this 
range is considerably reduced.

4.2 � Detectors cross‑talk
Both Gomes (2023) and Pinto et al. (2022) reported cross-
talk, the appearance of spurious signals in neighbouring 
detectors caused by electronic interference rather than 
true particle energy deposition (Gomes 2023). To analyse 
this effect, the same dataset of proton beam calibration 
was used, and a series of laboratory tests were conducted 
using the BERM Engineering Qualification Model (EQM) 
and radioactive sources. The observed energy deposi-
tion patterns consistently showed low-energy signals in 
neighbouring detectors that could not be attributed to 
actual particle interactions, confirming the presence of 
electronic cross-talk  (Gomes 2023). This effect is par-
ticularly significant for the electron channel E1, which is 
sensitive to a very narrow range of deposited energy. As a 
result, even small changes in detector response caused by 
cross-talk can substantially affect the simulated response 

Fig. 3  Schematic representation of the BERM working principle, illustrating the sequential steps used to assign a detected particle to a specific 
channel. The process begins with energy reconstruction, followed by event validation and particle identification. Finally, channel assignment 
is performed using information stored in a look-up table (LUT). Adapted from (Cardoso 2022)
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functions and the accuracy of flux reconstruction in this 
channel.

4.3 � Noise characterisation
Electronic noise is an unavoidable feature of any analog 
acquisition system and must be carefully characterised 
to ensure reliable signal discrimination. In the case of 
BERM, the noise in each detector was found to follow 
a Gaussian distribution, with distinct mean and stand-
ard deviation values for each of the 11 layers (Pinto et al. 
2022). An important finding of this study was the exist-
ence of correlated noise between adjacent detectors. That 
is, fluctuations in one detector’s signal were statistically 
correlated with those in neighbouring layers. This corre-
lation was quantified and later incorporated into the full 
simulation chain used to compute the response functions 
of BERM channels. Neglecting this effect would lead to 
incorrect channel assignment in some ambiguous events 
(Gomes 2023).

4.4 � Geant4 simulations
The calibration of BERM is a crucial step to convert 
raw count rates into meaningful physical quantities suh 
as particle fluxes. This process relies on detailed Monte 
Carlo simulations and data analysis techniques that 
account for the instrument’s geometry, response, and 
electronic processing. This chapter describes the proce-
dures used for detector characterization, focusing on the 
generation of response functions via Geant4 simulations 
and on the application of the bow–tie method for flux 
reconstruction (Van Allen et al. 1974; Selesnick and Blake 
2000; Boudouridis et al. 2020).

To determine the response of BERM to incident parti-
cles of various types and energies, a complete model of 
the instrument was implemented in the Geant4 simula-
tion framework  (Agostinelli et  al. 2003). The geometry 
included all 11 silicon detectors, the aluminium and tan-
talum absorbers, the collimator structure, all shielding 
elements and electronic components, replicating the 
physical assembly as closely as possible (see Pinto et  al. 
(2022) for more details). Detector effects such as cross-
talk and threshold dispersion were also incorporated into 
the simulation by modifying the raw energy deposition 
distributions using empirical models derived from labo-
ratory calibration data (Gomes 2023).

In these simulations, electrons and protons were gen-
erated isotropically across a wide range of initial ener-
gies. For each simulated event, the energy deposited in 
each of the 11 detector layers was recorded. An algo-
rithm, replicating the signal processing logic imple-
mented in BERM’s on-board firmware, was then applied 
to the deposited energy of each detector. This allowed 
the reconstruction of the channel assignment process, 

effectively reproducing the instrument’s binning scheme. 
By aggregating the results from all simulated particles, a 
detailed sensitivity profile was obtained for each detec-
tion channel, characterizing how it responds to differ-
ent particle types and energies. These profiles constitute 
the instrument’s response functions, as represented in 
Figs.  4 and 5. These response functions include correc-
tions for the detectors’ cross-talk and noise pattern and 
are, therefore, an update from those presented in Pinto 
et al. (2022).

Figure 5 shows the contamination of BERM proton and 
electron channels. The top panel presents the sensitiv-
ity of the electron channels to protons, together with the 
electron response function of the first electron channel, 
for comparison. The bottom panel shows the sensitivity 
of the proton channels to electrons, along with the pro-
ton response function of the first proton channel. As it 
can be seen, electron contamination in the proton chan-
nels is minimal, with the P1 response function being 
approximately two orders of magnitude more sensitive, 
and broader in energy range, than the corresponding 
electron response function. In contrast, proton contami-
nation in the electron channels is non-negligible. Two 
types of contamination must be considered: (i) high-
energy protons, which can strongly contaminate the 
electron channels but are absent in most SEP events ana-
lysed, as indicated by low count rates in channels P7 and 
P8; and (ii) low-energy protons (1.2–1.8 MeV), which 
contaminate only the first two electron channels over a 
narrow energy range. These protons are typically present 
with high fluxes in SEP events, potentially leading to sig-
nificant contamination of electron channels E1 and E2.

4.5 � SIXS instrument description
SIXS is a particle detector composed of five 150 µm-thick 
silicon detectors, surrounding a cubic of 5 × 5 × 6.3 mm3 
CsI(Tl) scintillator, coupled to a photodiode readout 
(Huovelin et al. 2020). It measures electrons and protons 
in the energy ranges of 0.05–10 MeV and 1–100 MeV, 
respectively (see Table  1). SIXS covers a similar energy 
range to BERM; however, it provides higher energy res-
olution, particularly at lower energies, with 7 electron 
channels and 9 proton channels, compared to 5 electron 
and 8 proton channels for BERM.

SIXS has five viewing directions, labelled sides 0–4. 
Sides 1–4 are arranged in a single plane, with an angu-
lar separation of 90◦ between adjacent directions, while 
side 0 is oriented perpendicular to this plane. The BERM 
viewing direction is aligned approximately between SIXS 
sides 1 and 2, as shown in Fig. 6.

An additional distinguishing characteristic between the 
two instruments is their sensitivity. BERM has a nomi-
nal geometric factor of 5.5 × 10−4 cm2 sr (Pinto et  al. 
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2022), whereas SIXS has a significantly larger geomet-
ric factor of 0.19 cm2 sr (Huovelin et  al. 2020). Conse-
quently, for the same incident particle energy spectrum, 
BERM records substantially lower count rates, allowing 
to operate in conditions of higher incident flux, without 
saturation.

he fact that SIXS is hosted on the same spacecraft as 
BERM and operates over a comparable energy range, 
while offering higher energy resolution and count rates, 
makes it a highly suitable instrument for cross-calibration 
and validation of BERM measurements. The good agree-
ment observed between the two instruments throughout 
the mission supports the robustness of their respective 
calibrations.

5 � Flux reconstruction with bow–tie method
Once the detector response to incident particles is char-
acterized, a method to invert the measured count rates 
into energy dependent fluxes is required. In this work, 
the bow–tie method, introduced by Van Allen et  al. 
(1974) and further developed and used in multiple works 
Selesnick and Blake (2000); Boudouridis et  al. (2020); 
Raukunen et al. (2020); Oleynik (2021),was applied. The 

method assumes a family of model energy spectra of the 
form:

where φ(E) is the differential particle flux, γ is the spec-
tral index (spanning from 0.5 to 6.5 in this analysis), and 
φ0 is a normalization factor. While other spectral shapes 
can be used, the power-law was selected, because it pro-
vides a sufficiently accurate approximation of the local 
energy spectrum within the energy range, where each 
BERM channel is most sensitive. Although fitting the full 
particle spectrum of SEPs, across several orders of mag-
nitude in energy would require more complex spectral 
shapes, this is not necessary for calibration purposes. 
The power-law function offers a simple and robust solu-
tion that satisfies this requirement. We also tested the 
method using other more complex functions as the bro-
ken power law, used in Dresing et al. (2020); Strauss et al. 
(2020); Rodríguez-García et  al. (2025), but yielding no 
improvement in calibration accuracy. For each value of 
γ , the model spectrum is convolved with the detector’s 
response function RF(E), yielding an expected count rate 
for each channel:

(1)φ(E) = φ0E
−γ

Fig. 4  Electron (top) and proton (bottom) BERM channels response functions, obtained with Geant4  (Agostinelli et al. 2003). Each line represents 
an instrument channel sensitivity to the different initial energies of the particles. Electron channels E1 and E2 are considered differential due 
to their prominent sensitivity peak around  0.25 MeV, while E3–E5 are integral channels. Proton channels exhibit a differential response function, 
with high-energy proton contamination for energies above ∼100 MeV. This effect occurs due to protons with enough energy to penetrate 
the collimator
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At this point the channel in consideration needs to be 
characterized as integral or differential. Integral chan-
nels are sensitive to particles above a certain energy 
(e.g., channel E3, see Fig.  4), while differential channels 
are sensitive to particles within an energy interval (e.g., 
channel P1, see Fig. 4). Electron channel E3 The bow–tie 
curves are defined based on the expected count rate value 
as following (differential equation 3, integral equation 4):

(2)C =

∫

∞

0
RF(E) · φ(E) dE

(3)GdE(E) =

∫

∞

0 RF(E′) · φ(E′) dE′

φ(E)

(4)GI (E) =

∫

∞

0 RF(E′) · φ(E′) dE′

∫

∞

E φ(E′′) dE′′

For computational efficiency, the integration boundaries 
in Eqs.  3 and 4 were adjusted to avoid 0 and ∞ . In the 
numerators, the lower boundary at 0 was replaced with a 
value below the onset of the response function (0.1 MeV 
for electrons and 1 MeV for protons), while the upper 
boundary ∞ was replaced with the maximum energy 
considered in the response function simulations. These 
modifications do not affect the results, since whenever 
RF(E) = 0 , the corresponding contribution to the inte-
gral is also zero. For the denominator in Eq. 4, the upper 
limit ∞ was replaced with a value several orders of mag-
nitude higher than the maximum energy used in the 
analysis, in order to prevent computational issues.

These curves are computed for a range of γ values that 
are consistence with the radiation environment encoun-
ter by the instrument, generating a set of bow–tie curves. 
The point of minimal variance in the distribution of the 
set of curves defines the effective energy Eeff and the cor-
responding geometric factor Geff of the channel.

Fig. 5  Contamination response functions. Electron channels’ sensitivity to protons (top) and proton channels’ sensitivity to electrons (bottom), 
obtained with Geant4  (Agostinelli et al. 2003). For comparison, a response function of the intended particle type for that channel was added 
as black dashed line in both plots. Electron contamination in proton channels is almost negligible due to the difference in intensity and energy 
range, while proton contamination in electron channels has to be taken in consideration whenever the radiation environment includes high proton 
fluxes
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Using the measured count rate Crate for each bin and 
the integration time �t , the particle flux at Eeff is then 
estimated as

5.1 � Electron channel flux reconstructions
Figure 7 shows the results of the bow–tie method applied 
to the calibration of BERM electron channels E1, E2, 
and E3. Although these channels do not exhibit a clearly 
defined energy range with consistently high sensitivity, 
channels E1 and E2 were classified as differential chan-
nels due to their prominent sensitivity peak around  0.25 
MeV. In contrast, channel E3 was treated as an integral 
channel, as it lacks any specific energy range with a signif-
icantly higher geometric factor. Channels E4 and E5 were 
not calibrated using the bow–tie method due to their low 
overall sensitivity, that translates into a very low count 
rate in flight. The low sensitivity in all electron channels, 
but in particular in channels E4 and E5, can be explained 
by the high trigger level of the instrument. To trigger an 
event, the particle must deposit a minimum of 220± 24 

φ(Eeff) =
Crate

Geff.�t
.

keV in the first detector (Pinto et al. 2022), which highly 
limits the sensitivity of the instrument to electrons.

5.2 � Proton channel flux reconstructions
As mentioned above in this section, the bow–tie method 
relies on a family of model spectra, which may be defined 
by one or more free parameters. In this work, a power-
law function was used, characterized by a single param-
eter, the spectral index. The range of parameter values 
chosen for the method should reflect the spectral condi-
tions expected to be encountered by the instrument dur-
ing operation. For BERM proton channels, it was found 
that the choice of spectral index range can significantly 
influence the results, as illustrated in Fig.  8 (see list of 
spectral index ranges in Table  2). This figure shows the 
variation in the calculated effective energy and geomet-
ric factor as a function of selected spectral index ranges 
to test the bow–tie method. These results highlight the 
strong sensitivity of the bow–tie calibration when applied 
to the BERM proton response function. Small changes in 
the chosen spectral index range can lead to completely 
different calibration outcomes. This effect is especially 
pronounced for ranges centred at lower spectral indices, 
where both the effective energy and the geometric factor 
decrease by nearly an order of magnitude when moving 

Fig. 6  Relation between SIXS and BERM viewing directions. SIXS sides 1–4 lie in the same plane with an angular separation of 90◦ , while side 0 
is oriented perpendicular to this plane. BERM viewing direction is in the same plane as SIXS sides 1–4. The field of view is not shown to scale
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from a spectral index range of [0.5; 1.5] to [1.5; 2.5]. Fig-
ure  8 also shows that the central value of the spectral 
index range has a greater influence on the calibration 
parameters than the width of the range.

5.3 � Proton channels—bow–tie parameter selection
To study the dependence of the bow–tie method with the 
spectral index, we applied it across a selection of spec-
tral index ranges, from 0.5 to 6.5, with different widths, 
as summarized in Table 2. This method yields to obtain 
calibration factors that are applied to all proton BERM 
data, regardless of the spectral index. By comparing 
BERM flux data (obtained under different assumptions in 
the bow–tie method) for multiple solar events, we identi-
fied the calibration parameters that provide the best per-
formance under the conditions typically encountered by 
BERM. The quality of the results is assessed through the 

dispersion observed in the comparison between BERM 
and SIXS data. Since SIXS data uses a single, consist-
ent calibration across the entire dataset analyzed in this 
work, the comparison with BERM data (calibrated using 
the final parameters derived in this analysis) allows us 
to characterize the quality of the final BERM calibration 
across different spectral indices. The method is summa-
rized in the flowchart of Fig. 9 and it consists of three 
steps:

•	 Bow–tie—Compute the bow–tie using a power-
law function (Eq.  1) for the 13 γ ranges mention in 
Table 2. The output of this step is a set of 13 possible 
BERM calibration, which one of those will be use as 
the final calibration for BERM proton channels.

•	 Comparison—As described in Sect.  5.2 and Fig.  8, 
the γ ranges used in the bow–tie heavily impacts the 
method output. For that reason the chosen of the γ 
range used, was made based on the comparison of 
BERM calibrated data (for each different calibration) 
and SIXS data. This analysis was performed using 
data from 13 6-h time windows, selected from vari-
ous SEP events detected by both instruments. From 
this comparison, for each channel a calibration fac-
tor (CF) was computed using Eq. 5, for each γ range 
and time period, resulting in 11x13=143 CF values. 
After this point, it was computed a mean CF for each 
γ range (for each channel), as shown if Fig.11, with 
channels ID in the x axis and |CF − 1| on the y axis. 
The choice of using |CF − 1| facilitates the visual 
identification of the minimum value of CF.

•	 Selection—From the 13 possible calibrations it was 
selected, for each channel, the one with the CF value 
closest to 1. The result of this step is one pair of cali-
bration parameters GF;Eeff  per channel. For P1,P2 
and P3 was used the range [3,5;4,5], for channel P4 
the range [1,5;3,5], and for channels P5,P6,P7 and P8 
the range [0,5;2,5].

Here CFch is the channel calibration factor, BERM Fluxch 
is the flux of the same channel and SIXS Flux(Ech ) is the 
flux obtained with the SIXS spectrum fit for the energy 
of the same BERM channel. The CF value is defined as 
the factor applied to SIXS data to obtain the correspond-
ing BERM data (or, equivalently, by which BERM data are 
divided to obtain the corresponding SIXS data). The CF 
also quantifies the differences between BERM and SIXS 
measurements: CF = 1 indicates that both instruments 

(5)CFch =

BERM Fluxch

SIXS Flux( Ech)

Fig. 7  Bow–tie method applied to BERM electron channels E1, 
E2, and E3. The blue line represents the response function of each 
channel. The colored lines, ranging from blue to red, correspond 
to the bow–tie curves computed for different spectral indices γ 
within the range [1.5, 3.5], applied to a power law function (Eq. 1). The 
black curve indicates the energy-dependent dispersion of the bow–
tie curves. The red dashed line, along with the red dotted lines, 
represent the 50% , 25% , and 75% percentiles of the bow–tie curves. 
BERM electron channels E4 and E5 were not calibrated with the bow–
tie method due to the low sensitivity
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are measuring (in average) the same particle flux, 
whereas CF > 1 ( CF < 1 ) indicates that BERM measures 
a higher (lower) particle flux than SIXS.

The selected intervals, highlighted by red shaded areas 
in Fig.  10 correspond to periods during decay phases 
of SEP events when both instruments observed proton 
fluxes under near-isotropic conditions. We sample as 
many time windows as possible, so that the evaluation 
was performed across a broad range of spectral shapes. 
All events from time periods when SIXS and BERM were 
operated at the same time (Sánchez-Cano et  al. 2025) 
(unlike BERM, SIXS is not continuously switched on) 
and simultaneously measured SEP events also detected 
by BERM, with sufficient counts to make a statistical 

significant analysis, were selected. For this analysis, 
omnidirectional fluxes from SIXS were used, mean val-
ues of the measurements of all available sides of the 
instrument (sides 0, 1 and 2),2 this method increases the 
statistics of the data without compromising the analysis, 
since all time periods used were under near-isotropic 
conditions.

For the analysis of each time window within the SEP 
events, the cumulative SIXS energy spectrum, for each 
selected periods (see Fig. 10), was fitted with a Band func-
tion, defined as (see Band et al. (1993); Yu et al. (2022)):

The parameters γa and γb are the spectral indices that 
describe the low-energy and high-energy regimes of the 
spectrum, respectively. The difference between them is 
defined as �γ = γb − γa . The parameter E0 represents 
the characteristic energy at which the transition between 

(6)

Fluxch =







A · E−γa
· exp

�

−

E

E0

�

, if E ≤ (�γ ) · E0,

A · E−γb · [(�γ ) · E0]
�γ

· exp(−�γ ), if E ≥ (�γ ) · E0.

Fig. 8  Impact on the bow–tie result of the first proton channel (P1) for different spectral index ranges, listed in Table 2. The top panel shows 
the effective geometric factor variation with spectral index range, and the bottom shows the variation of the effective energy. Each data point 
is positioned at the midpoint of its corresponding spectral index range. To obtain these parameters, the bow–tie method was employed assuming 
a power-law spectrum (Eq. 1)

Table 2  Spectral index ranges used to apply the bow–tie 
method assuming a power law function (Eq. 1). Each line 
correspond to ranges with the same width

Width Spectral Index Ranges γ [min;max]

1 [0.5;1.5] [1.5;2.5] [2.5;3.5] [3.5;4.5] [4.5;5.5]

2 [0.5;2.5] [1.5;3.5] [2.0;4.0] [2.5;4.5] [4.5;6.5]

3 [0.5;3.5] [3.5;6.5]

5 [0.5;5.5]

2  Sides 3 and 4 of SIXS were not used in the analysis due to occasional 
noise problems in side 3 (Oleynik et al. n.d.), and total obstruction of side 
4, by the spacecraft cruise shield, during the cruise phase of the mission 
(Sánchez-Cano et al. 2025).
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the two spectral components occurs, and A is the nor-
malization constant (or amplitude) of the spectrum.

The corresponding BERM data were then compared 
with the SIXS flux at the effective energies of the BERM 
channels, as shown in Figs.  13,  14 and  15, for all selected 
time intervals. These figures present the BERM and SIXS 
energy spectrum, with background subtracted and the 
ban function fit applied to SIXS data. In the figures is 
presented the fit parameters, along with the CF obtained 
for each BERM channel available. All selected time inter-
vals contributed to the analysis with different spectra 
characteristics, with fitted Band function parameters 
spanning the ranges γa = [1.20, 2.87] , γb = [2.72, 4.79] , 
and E0 = [3.84, 16.44] . The complete set of spectrums 
computed for SIXS and BERM, the parameters obtained 
and the CF values for each BERM proton channel are 
presented in App. A, in Figs.  13,  14 and  15.

5.4 � Results and validation
Table 3 presents the calibration parameters obtained for 
BERM electron and proton channels using the methods 
described above. As shown by the bow–tie results, pro-
ton channels whose response functions exhibit smaller 
differences between the regions of low and high sensitiv-
ity (see Fig. 4) can yield effective energies located outside 
their nominal high-sensitivity energy ranges. This occurs, 
because, in such cases, the contributions from lower 
sensitivity regions are no longer negligible. This effect is 

evident in channel P2, which has an effective energy of 
Eeff = 4.85  MeV despite its maximum sensitivity cor-
responding to protons between 9 and 13  MeV, and in 
channel P5, with Eeff = 41.5  MeV, which has maximum 
sensitivity for protons with energies between 19 and 
31 MeV. This mismatch also results in larger uncertain-
ties in the estimated geometric factor of these channels.

The results also reveal the impact of contamination by 
high-energy protons ( E > 100 MeV). These particles can 
penetrate the instrument’s collimator and produce a sec-
ondary peak in the proton and electron channel response 
functions. This contamination affects the channels in two 
distinct ways. In channels P1 and P2, the secondary sen-
sitivity peak is significantly higher and located much far-
ther in energy from the primary sensitivity peak. This is 
a consequence of particles entering entering through the 
nominal aperture, which can impact the data from these 
channels if the proton flux above 100 MeV is high (as 
indicated by increased count rates in channel P8). In con-
trast, for channels P6 and P7, the secondary sensitivity 
peak is lower in amplitude but much closer in energy to 
the primary peak. This results in a wider energy band of 
high sensitivity with a gap between the two peaks, which 
increases the uncertainty in the geometric factor estima-
tion for these channels.

As discussed in Sect.  5.1, electron channels E1 and 
E2 do not exhibit a clearly defined energy range with 

Fig. 9  Flowchart summarizing the calibration procedure for the BERM proton channels. The process is divided into three main steps: (1) 
computation of bow–tie functions for multiple γ ranges; (2) comparison of the resulting calibrations with SIXS measurements; and (3) selection 
of the optimal calibration parameters to be applied to the BERM proton data
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consistently high sensitivity, resulting in higher uncer-
tainties in the calibration results.

To validate the proton calibration, BERM data were 
processed using the calibration parameters presented in 

Table 3, and the same time periods used during calibra-
tion. The resulting calibration factors for each BERM 
proton channel, for each event are shown in Fig.  12 as 
a histogram. Among the selected events, validation was 

Fig. 10  Combined plots for the dates presented in the subfigures



Page 15 of 21Gomes et al. Earth, Planets and Space          (2026) 78:157 	

only possible up to channel P5, since channel P6 contains 
data from a single event only, and channels P7 and P8 
did not show particle counts above the background dur-
ing the chosen time periods. Although channels P6 to 
P8 were calibrated using the same method as the lower 
channels, due to the lack of comparison possibilities 
with SIXS, the spectral index range used in the bow–tie 
method for these channels was chosen based on which 
range provided the best calibration agreement for chan-
nel P5.

Channels P1 to P5 exhibit mean calibration factors 
close to 1 (the ideal value), with varying values of dis-
persion. Notably, channel P2 shows a higher dispersion 
in calibration factors across events, which is consist-
ent with its broad response function. As discussed by 
Gomes (2023) and Cardoso (2022), the response function 
of channel P2 remains non-negligible below 9 MeV (see 
Fig.  4), significantly affecting its sensitivity. This makes 
channel P2 more susceptible to variations in the spectral 
index of the incident energy spectrum compared to the 
other proton channels. Channels P1 and P2 also suffer 
from high-energy proton contamination ( E > 100 MeV), 
contributing to the dispersion in the bow–tie results of 
these two channels. The analysis of channels P3 to P5 
could benefit from more counts; however, the presented 
results validate the method applied in Sect. 5 for all chan-
nels up to P5. The overall dispersion is low for every 
channel, ensuring that the calibration factors obtained for 
BERM can be used for a variety of proton energy spectra.

Even though the calibration method is the same as for 
the proton channels, the calibration could not be vali-
dated for electron channels, due to the lack of statistical 
significance in the count rates detected during the events 
analysed.

6 � Discussion
BERM is an instrument aboard ESA’s BepiColombo mis-
sion that provides continuous measurements of high 
energy particles during all mission phases. This work 
presents the calibration of its electron and proton chan-
nels using the bow–tie method, enabling the conversion 
of count rates to particle fluxes. These results enhance 
BERM’s capability to contribute to the scientific analysis 
of SEP events and the radiation environment in the inner 
solar system.

BERM electron channels were successfully calibrated 
from E1 to E3. Channels E4 and E5 could not be cali-
brated using the bow–tie method due to their low over-
all sensitivity. As anticipated from the shape of their 
response functions, the calibrated electron channels 
exhibit higher uncertainties compared to the proton 
channels. This is primarily because the response func-
tions of channels E1 and E2 do not display a well-defined 
high sensitivity plateau, but rather a single prominent 
sensitivity peak around ∼0.25  MeV, sufficiently high to 
treat the channels as differential. Channel E3 also pre-
sents elevated uncertainties, due to the smooth tran-
sition between low and high sensitivity regions in the 
response function. Nevertheless, the results from these 
three electron channels show uncertainties below 6% in 
the determined geometric factor, which is considered a 
satisfactory calibration outcome.

Proton channels were also successfully calibrated. For 
protons, the choice of spectral index range in the bow–
tie method was optimized by comparing multiple cali-
bration analyses with SIXS measurements, using several 
6-h time windows across three SEP events. The final cali-
bration for each proton channel was defined by select-
ing the index range that yielded the best correlation with 

Fig. 11  Comparison of the calibration factor for different spectral index ranges used in the bow–tie method. Each line corresponds to a spectral 
index range and each point corresponds to the mean value of |CF − 1| , for all time intervals analyzed
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the SIXS proton fluxes. This approach resulted in low 
uncertainties for the geometric factors in most channels. 
Channel P5 shows the largest uncertainties ( −8.01% and 
14.14% ) due to the small difference between its high and 
low sensitivity levels, leading to an effective energy out-
side its nominal high-sensitivity range ( Eeff = 41.5  MeV 
for a range of ∼[19, 31] MeV). A similar effect is observed 
in channel P2, with Eeff = 4.85  MeV for a range of ∼[9, 
13]  MeV, although its uncertainties are lower ( −1.65% 
and 2.81%).

Calibration validation with SIXS data was possible for 
proton channels up to P5 using the same SEP events used 
for calibration. Ideally, calibration and validation should 
be performed using independent SEP events; however, 
due to the very limited number of suitable events (only 
three with sufficiently high fluxes and with SIXS oper-
ating), this was not possible. Nevertheless, the low dis-
persion in the calibration factors, except for channel P2 
(Fig. 12) across different SEP events, each characterized 
by distinct energy spectra, suggests that the quality of the 
calibration obtained in this work is robust and does not 
strongly depend on the specific spectral shape of the SEP 
event, although a dedicated analysis of individual solar 
events may yield small differences in the results, particu-
larly when the spectral index differs significantly from 
those considered in this analysis. The comparison gives 
confidence to the method developed to calibrate BERM. 
It also gives confidence that flux reconstruction for other 
channels is reasonable, even though no dedicated valida-
tion has been made, since the same method is applied. 
As a result, channels P1 to P5 show calibration factors 
close to 1 (ideal case), with dispersions from 7% up to 

29% in the case of channel P2. The observed dispersion 
can be explained in two ways: first, the limited statistics 
of the validation dataset, since not all time windows con-
tained data for all channels, resulting in lower statistics 
for higher energy channels, and second, in the case of 
channel P2, which is sensitive to a wide energy range of 
primary particles, the bow–tie method becomes less pre-
cise, as it assigns a single effective energy and geometric 
factor to characterise the channel. This fact contributes 
to its broad range of non-negligible sensitivity.

7 � Conclusions
In this work, some BERM electron channels (E1 to E3) 
and all proton channels were calibrated using the bow–
tie method, with the results summarised in Table 3. For 
proton channels P1 to P5, the calibration was further 
validated through comparison with SIXS measurements 
during three SEP events, yielding calibration factors of 
1.06± 0.14 , 0.96± 0.29 , 1.03± 0.15 , 0.96± 0.07 , and 
0.95± 0.16 , respectively. The close agreement between 
BERM and SIXS strengthens confidence in the method 
used in this work to calibrate BERM channels, as well 
as in BERM’s measurements themselves, particularly 
for SEP event analysis. These results demonstrate that, 
despite being primarily designed as a housekeeping 
instrument, BERM can provide scientifically valuable 
data and make meaningful contributions to heliospheric 
science studies. The calibration presented in this work 
was performed during the cruise phase of the mission; 
however, no change is foreseen after the mission enters 
Mercury’s orbit and separates the spacecraft.

Table 3  Characteristic energies and geometric factors of BERM channels. Eeff and GdE or GI correspond to the point in the bow–tie 
distribution functions that minimize the normalized standard deviation σ , of the distribution (represented as a vertical dashed line in 
Fig. 7). The errors δ− G and δ+ G correspond to the fifth and ninety-fifth percentile of the distribution subtracted by the mean value

Name Type Eeff (MeV) GdE ( cm2
· sr ·MeV) GI ( cm2

· sr) σmin δ−
G δ+

G
%δ−

G %δ+
G

E1 Diff 0.28 7.79 · 10
−6 – 0.090 −1.91 · 10

−7
3.14 · 10

−7
−2.45% 4.03%

E2 Diff 0.36 4.26 · 10
−5 – 0.109 −1.52 · 10

−6
2.53 · 10

−6
−3.56% 5.93%

E3 Int 0.35 – 8.03 · 10
−7 0.090 −3.79 · 10

−8
5.93 · 10

−8
−3.19% 4.99%

P1 Diff 2.15 9.40 · 10
−4 – 0.017 −4.36 · 10

−6 1.06 · 10
−5

−0.46% 1.08%

P2 Diff 4.85 3.11 · 10
−4 – 0.050 −5.12 · 10

−6
8.73 · 10

−6
−1.65% 2.81%

P3 Diff 6.85 1.17 · 10
−3 – 0.007 −2.05 · 10

−6
4.85 · 10

−6
−0.18% 0.41%

P4 Diff 17.5 3.00 · 10
−3 – 0.084 −7.73 · 10

−5
1.46 · 10

−4
−2.18% 4.12%

P5 Diff 41.5 2.70 · 10
−2 – 0.249 −2.16 · 10

−3
3.81 · 10

−3
−8.01% 14.14%

P6 Diff 59.5 4.58 · 10
−2 – 0.123 −1.82 · 10

−3
3.16 · 10

−3
−3.98% 6.91%

P7 Diff 87.5 4.69 · 10
−2 – 0.060 −9.43 · 10

−4
1.62 · 10

−3
−2.01% 3.46%

P8 Diff 123.5 8.49 · 10
−2 – 0.048 −1.35 · 10

−3
2.30 · 10

−3
−1.60% 2.71%
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Fig. 12  Histogram showing the distribution of calibration factors for each channel, based on the time intervals analyzed. The number of intervals 
considered for each channel depends on whether the event was successfully detected in that specific channel. The vertical dashed gray line 
represents the ideal calibration factor (CF = 1), while the vertical dashed red line indicates the mean calibration factor. The red shaded area 
corresponds to one standard deviation from the mean
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Appendix A. BERM and SIXS energy spectrums
For each time period mention in Sect. 5.2 a proton energy 
spectrum was computed for SIXS proton data. The spec-
trums are presented in Figs. 13, 14 and 15.

Fig. 13  BERM energy spectrum (with background subtracted) with a calibration based on best spectral index range for each channel 
and omnidirectional SIXS energy spectrum, with SIXS band function (Band et al. 1993; Yu et al. 2022) fit parameters. Blue horizontal lines indicate 
SIXS channels’ energy range, red vertical line and shading indicates the energy break and its uncertainty energy range, and the calibration factor are 
indicated as "BERM Eeff MeV = CF±UNC"
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Fig. 14  BERM energy spectrum (with background subtracted) with a calibration based on best spectral index range for each channel 
and omnidirectional SIXS energy spectrum, with SIXS band function (Band et al. 1993; Yu et al. 2022) fit parameters. Blue horizontal lines indicate 
SIXS channels’ energy range, red vertical line and shading indicates the energy break and its uncertainty energy range, and the calibration factor are 
indicated as "BERM Eeff MeV = CF±UNC"
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