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ABSTRACT

Context. Accurate measurements of the energy spectra of solar energetic particle events are essential for understanding the processes
involved in particle acceleration and transport. However, this is particularly difficult for electrons, as they tend to scatter in the instru-
ment, leading to complex response functions.

Aims. We introduce a new electron data product for the EPHIN instrument on board SOHO. It allows the determination of electron
spectra in the energy range of about 300 keV to 1 MeV.

Methods. The data product is based on the onboard histogram data of EPHIN. Using a GEANT-4 model, we derived the instrument’s
energy response function for electrons. Based on this, we conducted a bow-tie analysis to determine a response factor and an effective
energy for each channel, which are independent of the incoming particle spectrum. We then compared the data product with measure-
ments from other instruments such as SolO/EPT, SolO/HET, WIND/3DP, and ACE/EPAM, as well as with a previously published
EPHIN energy spectrum of Jovian electrons.

Results. The comparison of the new data product with the other instruments shows a good agreement with HET and with three sec-
tors of EPT. However, the fluxes measured by EPT’s Sun telescope are approximately three times higher than the derived EPHIN flux,
which we attribute to anisotropic features of the event. The comparison with the previously published spectrum of Jovian electrons
demonstrates that the spectral break previously reported by these authors can be attributed to an incorrect analysis of the instrument
data.

Conclusions. The new SOHO/EPHIN electron data product is a unique dataset that allows the extension of energy spectra from
instruments such as EPT, EPAM, and 3DP up to energies of 1 MeV. It provides continuous coverage back to 1998, making it a valuable

contribution to long-term studies and a significant asset to the scientific community.
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1. Introduction

Understanding the mechanisms by which solar eruptions pro-
duce solar energetic electrons (SEEs) that propagate throughout
the heliosphere remains a key scientific objective in heliophysics.
Central to this goal is understanding how and where SEEs are
accelerated, as well as how they are subsequently released and
transported into the interplanetary medium (see, e.g., Dresing
et al. 2014, 2024, and references therein). Accurate measure-
ments of these particles are crucial for identifying connections
of their energy spectra with solar phenomena and for testing the-
oretical acceleration and transport models. Several current space
missions are equipped with instruments to observe these elec-
trons. Notably, the Solar Orbiter (SolO) mission, launched on
February 10, 2020 (Miiller et al. 2020), and Parker Solar Probe
(PSP) (see, e.g., Fox et al. 2016; Raouafi et al. 2023, and refer-
ences therein), enable in situ particle observations at heliocentric
distances ranging from 0.28 to 1 AU (see Rodriguez-Garcia et al.
2025; Dresing et al. 2023, and references therein). When com-
bined with measurements from the Solar TErestrial RElations
Observatory (STEREO) mission (Kaiser et al. 2008), which pro-
vides observations from varying heliolongitudes near 1 AU, and
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a fleet of spacecraft near Earth, these data enable investigations
of the radial and longitudinal evolution of electron fluxes. How-
ever, the physical interpretation of such studies utilizing various
instruments relies on fluxes that are quantitatively correct, i.e.,
any systematic offset in the derived fluxes of a given instrument
can lead to false conclusions.

In this context, we present a new electron data prod-
uct derived from the Electron Proton Helium INstrument
(EPHIN) instrument on board SOlar and Heliospheric Obser-
vatory (SOHO), which is located near Earth (at L1). This data
product covers the energy range from approximately 300 keV to
1 MeV. The EPHIN instrument team has communicated flaws
in the previously released electron flux data from EPHIN (i.e.
Kiihl et al. 2020). For example, the response factors used in
the previous data were approximated by integrating over the
energy-dependent response function. This results in systematic
uncertainties that depend on the spectral shape of the particles
because of the instrument’s complex electron response function.
Furthermore, since 2017, the previous data product has provided
only two channels because two of the instrument’s detectors
were lost, making it difficult to analyze the spectral shape of the
incident electrons.

This new data product overcomes these limitations and, for
the first time, provides reliable electron fluxes from EPHIN.
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Fig. 1. Sketch (left) and photo (right) of the Electron Proton Helium
INstrument (EPHIN). Bottom right: segmentation of solid state detec-
tors A and B.

2. Instrument description

The EPHIN (Miiller-Mellin et al. 1995) is part of the
Comprehensive Suprathermal and Energetic Particle Analyzer
(COSTEP) suite on board SOHO, which was launched in
December 1995 and orbits the Lagrangian point L1. Figure 1
shows a sketch and a photograph of the instrument, which con-
sists of six solid-state detectors (SSD-A - SSD-F in Fig. 1)
enclosed in a scintillator (G) that acts as an anticoincidence. The
first two solid state detectors (SSDs) are segmented, as shown
in the lower-right panel. The segmentation was introduced to
improve the isotopic resolution and reduce the instrument’s
acceptance for high fluxes. It achieves this by electrically and
logically deactivating the outer ring segments of SSD-A and
SSD-B, which the instrument automatically deactivates when the
count rate in the inner segment of the first detector exceeds a
threshold (see, e.g., Miiller-Mellin et al. 1995).

Table A.l in the appendix summarizes four electron, pro-
ton, and helium channels defined by particle penetration depth.
Different thresholds in SSD-A discriminate between electrons,
protons, and helium. In 1997 and 2017, electronic noise in
SSD-E and SSD-D increased significantly. These detectors were
excluded from the coincidence logic by switching the instrument
into failure mode (FM) E and D on February 19, 1997 and Octo-
ber 4, 2017, respectively (see Kiihl et al. 2020, for details). As a
result, EPHIN was limited to three electron channels from 1997
to 2017 and to only two channels after 2017. The covered energy
ranges of these two electron channels differ significantly. One
channel collects the electrons that stop in SSD-B and the other
collects the electrons that pass through SSD-B and do not reach
SSD-F (Fig. 1). This results in a wide energy range, making the
energy determination of incoming particles difficult.

Various datasets exist for the instrument (see, e.g., Kiihl
et al. 2020; Kiihl & Heber 2019; Kiihl et al. 2017, and refer-
ences therein), with most implemented due to the loss of the two
detectors. Up-to-date datasets are only available for ions. Here,
we present novel electron flux data products derived from a thor-
ough GEometry ANd Tracking (GEANT)-4 simulation of the
instrument, including a detailed analysis of its data processing.
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3. Data analysis

The EPHIN provides several datasets (for details see Kiihl et al.
2020, and references therein). First, housekeeping data moni-
tor the instrument health, including leakage currents, voltages,
and temperatures. Second, coincidence counters separate the
incoming particles according to detection thresholds. The coun-
ters sort the particles into different channels according to their
species (i.e., electrons, protons, and helium ions) and energy,
as discussed above. These data provide the instrument’s high-
est statistical significance, though particle separation and energy
determination remain limited. Next, there is the pulse height
analysis (PHA) dataset. When a valid coincidence is detected,
the energy deposition in the SSDs-A to E is analyzed and stored.
However, the time to digitize the energy loss is significantly
longer (74 ~ 10 ms) than the time to determine a valid coinci-
dence (1, ~ 3 ns). Consequently, not all particles that produce
a valid coincidence can be analyzed for their exact energy loss
in the detectors. (Sierks 1997). The PHA dataset provides the
measured energy loss in SSD-A to E and allows for particle sep-
aration and high energy resolution. However, due to the limited
transmission rate, this dataset provides only a statistical sample
of the incoming particle distribution. To overcome this limita-
tion, the instrument stores the total deposited energy for each
PHA-analyzed particle in one of four histograms, based on its
penetration depth. Since a software patch in 1998, this histogram
uses only parallel coincidences, i.e., coincidences for which the
segment numbers in SSD-A and B are the same. The new data
product presented here uses data collected after this software
patch; therefore, no data are available for 1995-1997. The his-
togram data lie between the two datasets described above and
provide better statistics than the PHA data and improved energy
determination than the coincidence counters. The temporal res-
olution was eight minutes from 1998 until March 2023. Due
to the loss of two SSD in 1997 and 2017, the instrument was
reprogrammed in March 2023 to obtain histograms only for par-
ticles that stop in the second detector, increasing the temporal
resolution to one minute.

Using the histogram dataset for this data product allows us
to provide channels at higher energies than would be possible
using the PHA dataset. At higher energies, the low instrument
response and the greater abundance of lower-energy particles
make it unlikely that a high-energy particle is written to the PHA
buffer before it fills with low-energy particles. In contrast, the
histogram dataset stores every PHA-analyzed particle. Conse-
quently, the higher- energy histogram channels are more likely
to be filled than the corresponding PHA channels at the same
energy. This partially compensates for the loss of the D and E
detectors.

In this study, we systematically evaluate the histogram data
for the first time. Using this dataset, we derive electron fluxes
with significantly better energy resolution than previously pub-
lished EPHIN-based results.

In the following, we describe the histogram data in detail
(Sect. 3.1) and explain how we determine the electron response
functions for the relevant histogram channels. Sect. 3.2 describes
how we derive response factors from the electron response
functions, accounting for their complex shapes and minimiz-
ing spectral dependence. These factors allow us to determine
the particle flux in each channel from the corresponding count
rates. In Sect. 3.3, we investigate the potential contamination of
the electron channels caused by the automatic reduction of the
instrument’s geometric factor during events with high particle
fluxes and show how we correct this contamination. In Sect. 3.4,



Jensen, S., et al.: A&A, 708, A176 (2026)

event
T T T T T

electrons

background

protons

10°
10°
10*
103

102

10!

(counts / bin width) / MeV~!

10°

[T T T T T T T ITm) T TITmm T TTrm T i) 1 1T

10! 10° 10!
energy / MeV

Fig. 2. Histograms recorded during a particle event on May 29, 2021
(blue) and the pre-event background (gray), each with an integration
time of approximately 24 hours. The green area marks the range of his-
togram bins used in the data product.

we demonstrate how ions contaminate electron channels, par-
ticularly those at higher energies. The final section (Sect. 3.5)
summarizes the entire processing chain, from the raw histogram
counts to the final electron flux in each channel.

3.1. The histogram dataset

Each of the four histograms consists of 64 bins with widths that
increase at higher energies (see, e.g., Sierks 1997). Table D.1
lists the energy channels for the first histogram, i.e., for particles
stopping in SSD-B, where the sum of the energy deposited in
SSD-A and SSD-B is recorded. With the loss of the SSDs-D
and E, the total energy loss in the instrument is only available
for particles stopping in SSD-B. Consequently, this histogram
remains the only usable one, because the others are either empty
or contain a mixture of particles stopping in SSD-C and particles
penetrating SSD-C without reaching SSD-F, which we cannot
disentangle.

The major difference from the coincidence and PHA datasets
is that the histogram dataset is not based on particle separation
by different thresholds in SSD-A (see Table A.1). Instead, the
total energy loss for each penetration depth is stored in bins
ranging from approximately 100 keV to several tens of MeV.
Table D.1 lists the energy range and expected particle type for
each histogram channel.

As an example, Fig. 2 shows the histogram of particles
stopping in SSD-B during a particle event on May 29, 2021,
alongside the corresponding pre-event background. The counts,
normalized by the bin widths in MeV, are plotted as a func-
tion of the total energy loss in SSD-A and B. Both histograms
are integrated over approximately 24 hours. The event histogram
reveals three distinct populations, attributed to electrons, pro-
tons, and helium particles, whereas the background histogram
primarily shows electrons. The green area indicates the range
of histogram bins used in the data product presented here. This
interval corresponds to the nominal channel energies of the his-
togram, i.e., the energies measured by the instrument. In contrast,
the energy range given in the introduction refers to the primary
energy of the particles that causes the measured energy losses in
the instrument. Further details are provided in Sect. 3.2.

To determine the incident electron flux from the histogram
count rates, we performed extensive Monte Carlo simulations
using the GEANT-4 (Agostinelli et al. 2003) toolkit to calculate
the response functions for the first 32 channels of the histogram
and to identify possible contamination due to protons in these
channels. This process involved refining an existing instrument
model to more accurately reflect the logic and geometry of the
actual instrument, as detailed in Horlock et al. (2026).

Following Sullivan (1971), the instrument response functions
R(E) for an isotropic spherical particle source can be determined
from simulations as follows:

n(E)

KE=N&E)

A, ey

where n(E) is the simulated count rate at an energy E, N(E)
denotes the number of simulated particles at this energy, and
A is the surface area of the particle source. Valid coincidences
are energy losses above the threshold in SSD-A and B with the
segment in SSD-A equal to that in B (since the histogram only
includes parallel incidences; see Section 2), no signal in SSD-C,
and no anticoincidence G. These requirements are solely based
on the instrument’s logic, i.e., particles meeting them are sorted
into the first histogram by EPHIN.

We simulated 10° electrons emitted isotropically from a
hemispherical source with a radius of 12 cm, covering the front
of the instrument. We used a hemispherical source instead of
a full 47 source to save computing time and storage. Because
we considered only stopping particles, entries from the sides or
the back of the instrument were rejected by the anti-coincidence
logic, so this choice does not affect the resulting response func-
tion. The incident particles energies range from 0.1 to 30 MeV
and follow a power-law distribution with spectral index y =
—1. The choice of index does not affect the determination of
the instrument’s response, as it can be reweighted during post-
processing. However, ¥y = —1 is a convenient choice, as it yields
an equal number of simulated particles per bin for logarithmic
energy bins. Since the instrument provides no information on
the angular distribution of the incident particles, we assumed
isotropic flux within the viewing cone. Consequently, the cal-
culated response functions are strictly valid only under this
assumption.

Figure 3 shows the computed electron energy-dependent
response functions, defined as the sum of the energy losses
in detectors A and B (AE = E4, + Ep) between the limits
[(AE)jow, (AE),,] ranging from [200, 250] keV to [700, 750] ke V.
We chose these ranges because Bohm et al. (2007) found
significant electron responses in a similar investigation.

Figure 3 shows that electron response functions have long
tails that extend to higher energies. This results from electron
scattering within the detectors: an electron with sufficient kinetic
energy to reach detector C scatters out of the field of view,
depositing its energy in the instrument housing and being falsely
identified as stopping in B. This characteristic complicates the
determination of the channel’s effective energy, i.e., the expected
energy at which the detected particle distribution peaks, since it
strongly depends on the spectrum of the incoming particle (see,
e.g., Oleynik 2021, and references therein). The arithmetic or
geometric mean is often used to estimate the effective energy.
However, this approach is only correct if the response is box-
like. To mitigate the dependence of channel effective energy on
the incoming particle spectrum, we conducted a bow-tie analysis
for each channel, as described in the following section.

A176, page 3 of 16
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— [(AB)iow, (AE)up] =[0.20-0.25] MeV
— [(AE)iow, (AE)yp] =[0.30-0.35] MeV
[(AE)1ow, (AE)yp] = [0.40-0.45] MeV

—— [(AE)iow, (AE)yp] = [0.50-0.55] MeV
—— [(AE)iow, (AE)y] = [0.60-0.65] MeV
[(AE)iow, (AE)yp] = [0.70-0.75] MeV
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Fig. 3. Electron energy dependent response functions. We define these

as the sums of the energy losses between a lower and an upper limit

[(AE) 0w, (AE),,], ranging from [200, 250] to [700, 750] ke V. Left: “Ring on” configuration. Right: “Ring off” configuration.

Eeff =0.421 MCV;

Ripr = (6.81e-02 + 4.01e-03) cm? sr MeV

5 T T —
10%F 7 -60t0-1.5 1 " -6.0t0-15 T
e step size: 0.1 | step size: 0.1
T
— 104_ = >
> 2107 .
s o S :
B o10°F s I i
< -2 L 2 i )
g £ | ]
1074+
1076 -
1l Ll L Lol R r=-60 , 1 iy 1 1 1
107! 10° 10! 0350 0375 0.400 0425 0450 0475 0.500
primary energy / MeV energy / MeV
100=|| T T T T T T T T T3 T T T T T T T
F ringon o 107 ring on E
10-! i ring off ] § E ring off ]
S iz 1 1
O = - H L .
2 Nm 2 B 7 g
g 5107 ED 1
S~ E Rl
T Q E 12
n £ i 18 1072k -
a2 -3 o E ]
=] 10 E 3 Q - ]
=% 15 i
<= C 1:5 - g
S S
1074k 4= r i
E is
[t M IR L . ] 1 1 1 1 1 1 1
107! 100 10! 0.350 0.375 0.400 0.425 0.450 0475 0.500
primary energy / MeV energy / MeV

Fig. 4. Top left: power-law input spectra with a spectral index ranging from —6.0 to —1.5 in steps of 0.1. Bottom left: response function of the
seventh histogram channel. Top right: channels response factors, calculated using Eq. (4), plotted against an energy interval around the channel’s
nominal energy range. The effective energy E. and characteristic response Rgr are indicated by dotted horizontal and vertical lines, respectively.
Bottom right: total distance between the response factors (see text), with effective energy corresponding to the minimum of this distance.

3.2. Bow-tie analysis

The bow-tie method aims to identify an effective energy and
characteristic response factor for instrument channels that ide-
ally remain constant across different incident particle spectra.
This is particularly important for the electron channels, as their
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effective energy can vary significantly with the incoming particle
spectrum due to the non-box-like shape of the electron response
functions (see bottom-left panel of Fig. 4). This method was first
introduced by Van Allen et al. (1974).

For an ideal, delta-peak-like response, Oleynik (2021)
demonstrates that the characteristic response factor remains
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constant across different incident power-law spectra. However,
for real instruments with non-box-like responses, the character-
istic response deviates from a constant factor and depends on the
choice of the simulated test spectrum, i.e., under the assump-
tion of power-law spectra, the response factor depends on the
spectral index. Next, we describe how we determined the pairs
of characteristic response and effective energy for each electron
channel.

As an example, we use the histogram channel ch7 (i.e.,
[(AE)iow, (AE),p] = [350,400] keV; Table D.1) to illustrate the
method. First, we define a series of power-law test spectra
F(E,y) = A-E”. We adapt spectral indices to the expected range
of the actual particle spectra. Because the data product focuses
primarily on Solar Energetic Particle (SEP) events, we chose a
spectral range of y = —6.0 to y = —1.5 (see, e.g., Moses 1987;
Dresing et al. 2020, and references to it), in steps of 0.1. This
set of input spectra is shown in the top-left panel of Fig. 4. We
multiply these spectra by the channel response function R(E)
(bottom-left panel of Fig. 4). This yields the energy-dependent
count rate, C(E, ), as

C(E,y)=R(E)- F(E,y)- AE, 2

where AE is the response function bin width. We then sum over
all energy bins E; to obtain the total count rate of the channel,

Canan(y) = ) C(Ey), 3)
i=0

where 7 is the total number of bins in R(E). Next, we calculate a
response factor R p,, representing the factor needed for the chan-
nel to recover the correct simulated differential flux per MeV,
F(E, y), from the calculated counts Cepan(y):

Cehan ()

Repan(E,y) = F(E,y) .

“)

The top-right panel of Fig. 4 shows the response factors from
Eq. (4) for this histogram channel, plotted as a function of energy
E. Each curve corresponds to a different spectral index, y. The
combined shape of these curves resembles a bow tie, which
gives the method its name. No single point exists where all the
curves intersect, as would be the case for an instrument with an
ideal narrow, box-like response. Therefore, we define the point at
which the distance between the highest and lowest curves is min-
imal as the channel’s effective energy. We define the distance as

D(E) = max (Repan(E,T)) — min (Renan(E, I) &)

where I' = {yy, ..., yn} represents the set of spectral indices used
(bottom-right panel of Fig. 4). We define the effective energy Eefr
such that

D(Er) < D(E) VE. (6)

The characteristic response is defined as the average of the high-
est and lowest responses of all spectral indices, v, at the energy
Eeﬂfi

1
Rpr = 5 - (max (Rehan(Eetr, I')) + min (Rehan(Eetr, 1)) - @)

To account for response variation with different spec-
tral indices, we take the distance between the lowest
response, min (Rehan(Eetr, 1)), and the highest response,
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Fig. 5. Computed characteristic responses for EO to E14 from Table E.1
for “ring on” and “ring off” conditions, in blue and orange, respectively.

max (Rehan(Eefr, ), as the systematic uncertainty of the char-
acteristic response. By definition, E.¢ has no uncertainty, as its
uncertainty is reflected in the characteristic response, Rpy.

Using the same methodology, we computed the effective
energies and characteristic responses for 15 electron channels,
with effective energies ranging from approximately 300keV
to 1 MeV. Table E.1 lists the results. Each channel was com-
puted twice: once under the “ring on” condition and once under
the “ring off” condition, as shown in Fig. 5. The discontinu-
ity observed in the characteristic response of the three highest
channels arises because, in these channels, the energy width
associated with the measured particle energy is twice that of
the preceding channels (see Table D.1). Each channel has two
characteristic responses, due to the instrument’s automatic ring
switch mechanism (see Sect. 2). When the outer rings are turned
off, the geometric factor of the histogram channels decreases by
a factor of five. This can be seen by comparing the two response
functions of the seventh histogram bin for the “ring on” and
“ring off” states in the bottom-left panel of Fig. 4. This switch-
ing of the geometric factor would result in new effective energy
and characteristic response pairs. However, to avoid a change in
the channel energy during ring switching, we adopted the effec-
tive energy for the “ring on” state for the “ring off” state and
determined only a new characteristic response. This increases
systematic uncertainty because the channel response deviates
more with the incident spectral index y at that energy. This
behavior is illustrated in the bottom right panel of Fig. 4, where
the blue and orange curves show the evolution of the total dis-
tance between the response functions from the top-right panel,
for the “ring on” and “ring off™ states, respectively. This system-
atic uncertainty should not be interpreted in the strict sense. The
calculated fluxes are not consistently over- or underestimated;
rather, the error depends on the spectrum of the incoming parti-
cles. For very hard spectra, the flux is overestimated, whereas for
very soft spectra, it is underestimated (see the top-right panel of
Fig. 4).

3.3. Ring-switch mechanism

One feature of EPHIN is the automatic reduction of the geo-
metric factor during high-flux events (see instrument description

A176, page 5 of 16
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and middle: energy deposition in the A detector versus B detector during the “ring off” and “ring on” periods, respectively. The time intervals are
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energy used in this data product. The horizontal lines labeled with A1 and A4 indicate the energy thresholds used by the instrument to distinguish
between protons, electrons, and helium particles. Bottom right panel: energy-loss distribution in SSD-B of all entries inside the corresponding

boxes in the middle panel.

in Sect. 2). For the coincidence channels, the geometric fac-
tor decreases by a factor of 25, since only the central segments
of detectors A and B are used in this mode, whereas all parti-
cles incident within the instrument’s field of view are otherwise
recorded. The blue curve in the top panel of Fig. 6 illustrates this
effect on the E150 electron channel count rates. The time profiles
were recorded during an interplanetary shock event (see Oliveira
2023). The drop in this count rate marks the moment the ring
switches off (as indicated by the red and green shaded areas).
This drop is expected because of the reduction in the geomet-
ric factor. The proton P4AGM channel (orange curve), exhibits
the opposite behavior. Its count rate increases when the ring
is turned off and decreases when it is turned back on. The
P4GM channel provides the count rate of low-energy protons
for the central segments only. Therefore, its count rate should
remain constant during ring switching if the proton flux does not
change. Although moderate, gradual increases can be explained
by an increased flux during the time of a “ring off” switch-
ing, the observed discontinuities, i.e., jump in fluxes, are an
unexpected behavior. To better understand the cause of the addi-
tional counts during “ring off” times, the bottom panels of Fig. 6
show the energy deposition in the A detector plotted against the
energy deposition in the B detector for all three AB coincidence
channels (i.e., electrons, protons, and helium particles).

All entries below the Al threshold are classified as elec-
trons and are counted in the E150 coincidence channel. Entries
between Al and A4 are identified as protons and therefore
counted in the P4 channel, while everything above A4 is clas-
sified as helium and counted in the H4 channel (see Table A.1).

During the “ring on” phase, the three main populations
of electrons, protons, and helium are clearly visible. These
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populations are well-separated, with only minor contamination
between the channels. However, during the “ring off” phase,
additional clusters appear in both the electron and proton chan-
nels.

The population below the main proton track is most likely
attributable to protons with energies similar to those of the main
track. This interpretation is supported by the comparable energy
distribution in SSD-B for both populations, as shown in the
bottom-right panel of Fig. 6. In this panel, the energy spectra
corresponding to the main track are shown in orange and red,
matching the boxes in the bottom-middle panel, while the brown
and violet curves represent the region below the main track.

The key difference between the protons of the main track and
those of the lower population lies in their entry point: the latter
enter the instrument through the outer ring of SSD-A and hit
the middle segment of SSD-B. Since this ring is switched off,
the energy deposition in SSD-A is not recorded, and these par-
ticles alone cannot trigger a valid coincidence. However, if such
a proton arrives within the 2.4 ps coincidence window (Miiller-
Mellin et al. 1995) together with a low-energy ion that triggers
the middle segment of SSD-A, the instrument generates a valid
coincidence.

The slight relative enhancement of the brown distribution
relative to the orange distribution at energies below 400keV is
attributed to electrons that can also coincide with low-energy
protons. The population observed below the brown and violet
boxes is most likely caused by electron-proton coincidences for
SSD-B energies above 1 MeV and by electron-electron coinci-
dences for energies below 1 MeV.

For the new electron data product, most of the proton con-
tamination is removed, as indicated by the blue curved line in
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the lower-left and lower-right panels of Fig. 6. This line repre-
sents the highest energy value of the histogram used. However,
electrons also form random coincidences with other electrons.
These events cannot be distinguished from normal electron coin-
cidences, i.e., electrons traversing the middle segment of SSD-A
and stopping in the middle segment of SSD-B. Consequently,
we underestimate the response for electrons when the ring is
switched off and, as a result, the calculation yields fluxes that
are too high.

To correct for this, we estimate the number of random coin-
cidences caused by electrons entering through the outer ring of
SSD-A using

p=2-np-np-T, )

where n4 represents the count rate caused by noise or particles
that trigger only the middle segment of SSD-A (A() without
triggering SSD-B (ApBy). Since the instrument data does not
directly provide this information, we approximate n, using the
single-detector count rate, Ay (see Kiihl et al. 2020, and refer-
ences therein). This approximation is reasonable because, during
an event, the count rate in A is more than 20 times higher than
the count rate in the middle segment of SSD-B (Bj); therefore,
Ao ~ AgBy. Similarly, ny represents the count rate in By caused
by particles entering through the outer ring of detector A (ByAy).
However, because the outer ring is electrically turned off, the
instrument does not provide this information directly. Therefore,
we estimate ng by multiplying the By count rate by 0.81. This
factor arises from the ratio of the geometric factor for particles
entering through the ring of detector A and hitting detector B
to that for particles entering through any segment of detector A
and hitting detector B. The quantity 7 denotes the duration of the
digital electronics’ coincidence window, where 7 = 2.4 us. Thus,
Eq. (8) becomes

p=2-Ay-By-0.81-24us )

The approximation in Eq. (8) is based on the condition that
the particle events follow a Poisson distribution and that n, p -
T << 1.

Equation (8) gives the number of random coincidences,
distributed across all penetration depths. To estimate the num-
ber of random coincidences specifically for the AB penetration
depth, we scale this value by the ratio of the counts in the AB
coincidences (Cy4p) to the total coincidence counts (Cyy):

Cas
Car’

PAB = P (10)

Using Eq. (10), the fluxes in the histogram channels (F,.) can
be corrected as

CaB — paB
Cas

Fcorr = . Func = (1 - p ) Func~ (11)

all

To test this correction method, we examined approximately 180
ring-switch events over the entire mission duration. For each
event, we analyzed the declining phase of the particle flux and
calculated the ratio of the eight-minute averaged flux immedi-
ately before the ring was turned on to that immediately after.
The declining phase was chosen because only small, gradual
flux variations occur during this period, in contrast to the flux
increase at event onset, when the ring is typically switched off.
Without correction, these ratios have a mean of approximately
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1.5. Applying the correction reduces the mean ratio to approx-
imately 1.0, indicating that the discontinuities associated with
ring switching can, on average, be fully corrected.

However, for some events, this method results in overcor-
rection, producing small or even negative fluxes. This typically
occurs during events with fluxes high enough to saturate the
A detector because of its dead time. Consequently, we exclude
fluxes from the data product for events in which the correction
factor pap equals or exceeds the total AB coincidence count,
Cap. For these events, we report only the count rates.

3.4. Contamination

One disadvantage of using the histogram dataset is that it con-
siders only the lowest detection thresholds of SSD-A, rather than
all five thresholds. These thresholds normally identify and distin-
guish between electrons, protons, and helium particles. However,
because the histogram dataset combines all particle species into
a single distribution, the thresholds cannot be applied individu-
ally. As a result, particle identification relies solely on the total
energy loss in the two detectors, which can lead to misidentifi-
cation. Consequently, the electron channels can be contaminated
by ions in some events.

Fig. 7 shows an example event in which contamination of
the higher electron channels occurs. The left panel shows the
dynamic spectrum of the event, with channel energy plotted
against time. The entries are color-coded according to the counts
per MeV accumulated over eight-minute intervals. Dashed and
dotted lines indicate the two integration intervals. During the
dashed interval (I), the channels above 1 MeV are barely popu-
lated. In contrast, during the later phase of the event, a population
of particles appears above 1.5MeV and gradually extends into
the lower-energy channels. These entries cannot be caused by
electrons and must be ions, as the electron response at these
energies is negligible. The right panel shows the integrated spec-
tra for the dashed and dotted time intervals in blue and orange,
respectively (gray points also correspond to the dotted interval).

The dashed interval (I) lies outside the ion cloud; therefore,
the integrated spectrum exhibits the expected shape, following
a power-law function with a negative spectral index. In con-
trast, the dotted interval (II) falls within the ion cloud, resulting
in a spectrum that deviates from the expected shape. Here, the
spectrum above 800 keV shows a positive slope. This additional
count rate, which is then converted to particle flux, is caused by
ion contamination. The contamination is predominantly caused
by protons, which are generally the most abundant. However, the
channels can also be contaminated by helium and heavier ions
(see Appendix C).

Depending on the event, contamination can extend into the
lower-energy channels. In this data product, a flag indicates, for
each timestamp, the highest channel that is considered to be
uncontaminated. Fig. 7 illustrates this: the orange stars indicate
uncontaminated channels, while the gray channels are likely con-
taminated by ions. Because the highest uncontaminated channel
reported may fluctuate statistically, we used the minimum flag
value over the entire integration period of the spectrum. This
example shows that the flag provides a very conservative esti-
mate of the contaminated channels, ensuring that users can be
reasonably confident that only channels with negligible contam-
ination are included in their analysis. We include all data used to
generate the flag in the data product. This allows users to repro-
duce the flag and adapt it to their specific problem if necessary.
Appendix C describes how we generated this contamination flag.
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Fig. 8. Flow chart of the processing chain from raw data to final electron
flux.

3.5. Summary of the processing chain

Next, we provide an overview of all steps included in the pro-
cessing chain, from raw data to the final electron fluxes. The
processing chain consists of three main branches, illustrated in
Fig. 8 in red, blue, and yellow.

The modeling branch (red) determines the response factors
for each electron channel. It begins by modeling the instru-
ment’s geometry and simulating its response to electrons. We
performed the simulations using the GEANT-4 toolkit. Horlock
et al. (2026) provide a detailed description of the instrument
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model. The resulting response functions were then used to per-
form a bow-tie analysis to determine the response factors and
effective energies for each electron channel, as described in
Sect. 3.2.

The blue branch represents the processing chain that starts
with the raw histogram counts and leads to the final electron
fluxes. First, we correct the raw histogram counts for dead time
effects, as described in Appendix B. This correction method
depends on the instrument’s coincidence counters, which them-
selves must also be corrected for dead time effects (yellow
branch). Appendix B.1 describes the correction of the single
and coincidence counters. We then checked each data point to
determine whether the outer segments of detectors A and B were
switched off. If the ring was switched off, we corrected the data
for possible contamination, as described in Sect. 3.3. We then
checked the data for potential ion contamination and generated
a contamination flag, as described in Appendix C. Finally, we
applied the response factors from the red branch to determine
the final electron fluxes for each electron channel.

Table 1 summarizes the key characteristics of the existing
electron data product (Level 2 electron data) and the newly devel-
oped data product (histogram electron data), highlighting the
improvements of the present work over previous data.

4. Validation and comparison

To test and validate our data product, we compared it with the
instruments SolO / Electron Proton Telescope (EPT), SolO /
High Energy Telescope (HET) (Rodriguez-Pacheco et al. 2020),
WIND / Three-Dimensional Plasma and Energetic Particle
Instrument (3DP) (Lin et al. 1995), and Advanced Composi-
tion Explorer (ACE) / Electron Proton Alpha Monitor (EPAM)
(Gold et al. 1998). Comparison with the instruments on SolO
was possible because, during the Earth gravity assist maneuvers
around November 2021, SolO came close to the spacecrafts at
L1. The left panel of Fig. 9 shows the flux time profile of the five
instruments from December 4 until December 9, 2021, when the
spacecraft were still close together. The green profile represents
the EPAM DE2 channel, which corresponds to deflected elec-
trons with an energy of about 74 keV. The electron flux between
92 and 102 keV, measured by the EPT instrument, is plotted in
blue. The Ch6 channel of the 3DP instrument measures electrons
at around 308 keV and is shown in red. The first electron channel
of HET and EPHIN’s E1 channel (328 keV) are shown in brown
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Table 1. Key characteristics of existing and new electron data products.

Level2 electron data

Histogram electron data

0.25-10.4 MeV

4 channels from 1995 to 1997
3 channels from 1997 to 2017
2 channels since 2017

1 minute

Energy range
Energy resolution

Time resolution

Observed particle fluxes

incident particle spectrum.

Inaccurate fluxes, as the response factors
do not take into account the complex shape
of the response function. This results in
systematic uncertainties that depend on the

0.299-1.241 MeV
14 channels

8 minutes from 1998 to 2023

1 minute since March 2023

Accurate fluxes for power law spectra with
spectral indices between y = —6.0 to y =
—1.5, because the bow tie analysis accounts
for the complex shape of the response func-
tion.

and orange, respectively. All shown fluxes are sector-averaged,
except for the EPHIN flux, since EPHIN has only one viewing
direction'.

The plot shows three electron events during this period. To
compare the instruments, we selected the second event, which
took place between December 5 and 6, and integrated the particle
spectrum for each instrument. The integration intervals for the
spectrum and the pre-event background are shown in green and
gray, respectively. We selected this event because it did not show
a spectral break between several tens of keV and approximately
1 MeV. This allowed us to include the lower-energy channels of
the instruments in the fit method. This was necessary because
3DP, EPAM, and EPT have a relatively high background, and in
this event the entries in the higher channels are indistinguishable
from the background. This clearly demonstrates the benefits of
an active anti-coincidence, as in EPHIN, because the background
level is orders of magnitude smaller, making the instrument more
sensitive to small events.

The middle panel of Fig. 9 shows the integrated energy spec-
tra of all five instruments on a double-logarithmic scale. To allow
a better comparison of the instruments, we scaled the spectrum
by a factor of E*> in the right panel, where E is the effective
energy of the channels in MeV. This makes it possible to display
the y-axis linearly. We subtracted the pre-event background from
each spectrum.

When sector data were available, we did not use sector-
averaged instrument data for the energy spectra to better account
for the anisotropies in particle flux. The measured flux in the EPT
north, south, and antisun telescopes is roughly equal, whereas
the flux in the Sun telescope is about three times higher, indi-
cating that EPT observes an anisotropic electron flux during this
event. To avoid overloading the graph, we plotted only the aver-
age value of the sectors in the 3DP data. The range between
the highest and lowest sector is shaded red. Two sectors exhib-
ited unphysically high fluxes in only two energy channels. The
remaining energy channels in these sectors were consistent with
those in the other sectors. Because the exact functioning of the
instrument is unknown, we excluded these sectors from the anal-
ysis. The measured 3DP fluxes fall between those of the EPT Sun
telescope and the other EPT sectors. The plotted EPAM energy
spectrum shows the sector-averaged fluxes of the instrument,
as flux measurements for individual sectors were not available.
The EPAM measurements are consistent with those of 3DP. The

' During this event, the viewing direction of EPHIN was at an angle of
45° to the Earth-Sun line, placing it close to the nominal Parker spiral.

fluxes measured by EPHIN are consistent with those of EPT,
except for the Sun direction. The outer rings of the detectors were
not switched off during the integration interval of the spectrum.
A possible explanation for the deviation relative to the EPT Sun
telescope is that an anisotropic electron beam hit the EPT Sun
telescope but not EPHIN, due to their spatial distance or because
they were in different flux ropes. Compared with 3DP and EPAM
the fluxes of EPHIN are approximately a factor of two lower.
However, the measurements are also consistent with those of the
lowest electron channel of HET, which is shown with stars of
different colors for each of the four sector telescopes. We did not
include the higher channels because they did not rise above the
background.

Furthermore, we performed simple power-law (y = a - E?)
fits to all datasets except the 3DP measurements. Because these
data do not provide uncertainties, we fit a linear function (y =
v - E + a) to the logarithmic data to avoid the low-energy chan-
nels being weighted too strongly. The resulting spectral indices
are listed in the legend of Fig. 9. All spectral indices are con-
sistent within uncertainties, with the exception of the EPT Sun
telescope, which measured a somewhat harder spectrum. This
deviation may also be caused by the previously mentioned
electron beam.

This comparison demonstrates that this new data product
produces reliable measurements, as the EPHIN and EPT obser-
vations agree within the uncertainties. The measurements from
3DP and EPAM lie between those of EPHIN and three of the
EPT telescopes. However, the sectors covered by 3DP do not
cover the span between the EPT telescopes. This does not nec-
essarily contradict the other instruments, as the connection of
3DP to the event could be different. A more detailed assessment
would require an analysis of the magnetic field and solar wind
plasma data. Such an analysis is outside the scope of this work.
In a future study, we plan to present a systematic comparison
based on multiple events, including the instruments used here,
as well as STEREO / Solar Electron Proton Telescope (SEPT)
(Kaiser et al. 2008).

In a further comparison, we compared the new data product
with previously published EPHIN data. Because published event
spectra from EPHIN are scarce, we compared our results with
the Jovian electron spectrum published by Kiihl et al. (2013).
Fig. 10 illustrates this spectrum. It was averaged over seven two-
hour time intervals, with good connection to Jupiter, in 2007 and
2008. We excluded the two highest channels from the fit because
they were likely contaminated by ions. It should be noted that
these channels were not flagged as contaminated because no
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Fig. 10. Spectrum of Jovian electrons averaged over seven time intervals
with good connection to Jupiter in 2007 and 2008. Red crosses indicate
the spectrum determined by Kiihl et al. (2013), while blue dots repre-
sent the spectrum obtained with our new data product. The black line

represents a power-law fit to the blue data points; the solid line indicates
the data points used for the fit.

significant entries were recorded in the proton-proxy channels.
However, these channels may still be contaminated because the
electron response is very small here (see Fig. 5), and thus con-
tributions from ions strongly affect the calculated flux. This also
implies that the contamination flag is reliable for SEP events, but
not for the background.

The two spectra differ quite significantly. First, the spec-
trum determined by Kiihl et al. (2013) includes higher and lower
energies. This is because their analysis used the PHA dataset
without restrictions on the angle of incidence and included coin-
cidences for particles hitting the ABC and ABCD detectors. In
contrast, the data product presented here is restricted to parti-
cles with parallel incidence and to AB coincidences only. The
most significant difference between the spectra is that the pre-
viously published spectrum exhibits a spectral break at approx-
imately 500 keV, which we cannot reproduce with our new data
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product. The authors also noted that the spectral break requires
further investigation, as it could arise from either instrumental
or transport effects (see page 4, Chap. 6 in Kiihl et al. 2013).
Using the new data product, we can now confirm that this fea-
ture was caused by not accounting for the complex shape of
the electron response functions. At higher energies, both spec-
tra agree in absolute flux and slope. From the fit, we obtain
a spectral index of y = —1.36. This value lies slightly out-
side the initially selected y range for the bow-tie analysis (see
Sect. 3.2). However, extending the bow-tie index range dis-
proportionally increases the uncertainty, as the data product is
primarily geared toward SEP events. We also evaluated the spec-
trum using the response factors for a fixed spectral index of
v = —1.3. The resulting flux differences are below 10% for all
channels except for the two lowest channels, where the differ-
ence is below 30%. Nevertheless, even when these differences
are taken into account, the conclusion regarding the spectral
shape remains unchanged. These results also demonstrate that
no further quiet-time analyses should be performed using this
data product.

5. Summary and conclusions

We developed a new data product for SOHO/EPHIN, provid-
ing 15 electron channels covering energies from approximately
300keV to 1 MeV. This data product is based on the instrument’s
onboard histograms, enabling the inclusion of higher-energy
channels than would be possible using the PHA dataset. As
a result, the loss of the D and E detectors can be partially
compensated. Using GEANT4 simulations, we determined the
response function for each channel. Additionally, we derived
effective energies and optimal response values — less dependent
on the shape of the incident particle spectrum — using a bow-tie
analysis.

We demonstrate that the instrument’s adaptive geometric fac-
tor (ring switch) can lead to contamination in all coincidence
data during periods when the outer ring segments of detectors
A and B are switched off, as particles crossing the ring seg-
ments leave a signal in the analog chain coincident with noise
or with particles detected in the central detector segment during
high-flux conditions. Furthermore, we introduce a method to
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correct for this effect in the channels included in this data
product.

We also show that the data product is susceptible to ion
contamination, primarily because particle separation in the his-
tograms is based solely on the total energy loss rather than on
energy losses in each detector. To address this, we introduce a
flag to identify contaminated channels during periods of signif-
icant ion contamination and provide proxy channels that allow
users to estimate the level of ion contamination.

However, the contamination flag is only reliable during SEP
events, due to the relatively small electron response in the higher
channels and the low count statistics of the electron background
during quiet times. Furthermore, due to the chosen range of spec-
tral indices used in the bow-tie analysis (see Sect. 3.2), this data
product is specifically optimized for SEP events. As discussed in
Sect. 4, the provided flux values during quiet times can exhibit
large offsets that are not captured by the quoted uncertainties.
Consequently, this data product should be used exclusively for
studies of SEP events. Finally, it should be noted that the derived
responses, and thus the provided flux values, implicitly assume
that the incident particles are isotropic.

To validate the data product, we performed a comparison
with SolO / EPT, SolO / HET, ACE / EPAM, and WIND / 3DP
for one event during the Earth gravity assist maneuver of SolO.
This comparison demonstrates that the measurements of EPHIN,
HET, and three sectors of EPT agree within the uncertainties.
However, the Sun telescope of EPT measured fluxes approxi-
mately three times higher, which we attribute to an anisotropic
feature of the event.

In addition, we compared the new data product with previ-
ously published data for Jovian electrons from Kiihl et al. (2013).
We show that the spectral break reported in that study was most
likely caused by incorrect handling of the instrument data.

With this new data product, it is now possible to extend the
energy spectra obtained from instruments such as EPT, EPAM,
and 3DP, enabling investigations of SEE spectra up to ener-
gies of 1 MeV. Moreover, thanks to SOHO’s long operational
duration, this data product provides continuous coverage since
1998, offering a valuable resource for long-term studies and a
significant contribution to the scientific community.

Data availability

An archive of this dataset, along with a description of the
file structure, is available via Zenodo at https://doi.org/

10.5281/zenodo.18225156. This archive will be updated
annually. In addition, daily files can be accessed at
http://ulysses.physik.uni-kiel.de/costep/level3/
hist_electrons/.
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Appendix A: Detailed instrument logic

Tab. A.1 shows the expected particle species, the name, the nom-
inal energy range and the logical condition for each coincidence
channel of the instrument. The coincidence logic specifies, for
each coincidence, which detector thresholds must be exceeded
and which must not (the latter indicated by letters with an
overline).

Appendix B: Dead time

The digital signal chain for pulse height analysis of a particle
requires approximately 10 to 15 milliseconds. This results in
dead time effects for the pulse height analysis during events with
higher particle fluxes. These effects must be corrected to deter-
mine the true particle fluxes. To quantify the dead time of the
PHA chain, we used in-flight data from 1999 to 2023 and calcu-
lated the ratios between the total number of histogram entries and
the corresponding coincidence counters. This ratio is shown in
the left panel of Fig. B.1 as function of the total stopping coin-
cidence counts rate. Low and high count rates on the abscissa
correspond to low and high flux rates, respectively. The num-
ber of entries in each bin is color-coded, as indicated by the
color bar on the right side of the figure. The plot features two
curves: The lower curve represents the ratios for the instrument
in the "ring on" state, starting at a ratio of approximately 0.2
and decreasing at a count rate of around 25 counts per sec-
ond. The upper curve, corresponding to the "ring off" state of
the instrument, begins at a ratio of 1 and starts to decline at
approximately 5 counts per second. The smaller ratio of the "ring
on" states compared to the "ring off" states can be attributed to
the fact that the on-board histograms only collect the particle
events with parallel trajectories. This means that a particle must
enter the instrument through segments with matching numbers
in both the A and B detectors. In contrast the coincidence coun-
ters capture particles with arbitrary trajectories, constrained only
by the viewing cone. Consequently, the geometric factor of the
coincidence counters is about five times higher than that of the
on-board histograms. However during the "ring off" state only
particles entering through the center segments are registered,
resulting in both the on-board histograms and the coincidence
counters having the same geometric factors.

The dependency of the ratio on the count rate is determined
by the dead time of the digital processing chain. To analyze the
data, slices were made along the x-axis and, for each slice, the
mean value and standard deviation of the distribution were deter-
mined. The right panel of Fig. B.l shows these mean values
plotted against stopping coincidence counts, with the error bars
representing the standard deviation of each distribution. We used
the correlation for a non-paralyzable dead time to fit these mean
values. A non-paralyzable dead time means that the dead time
is not extended if a particle arrives during the dead time of a
previous event, for details see Bécares & Blazquez (2012):

M M 1

N = e —
1-Mr

= B.1)
N 1+Nt
Here, N represents the true number of particles hitting the
detector (in our case the coincidence counts), M is the num-
ber of particles the detector actually can resolve(in our case the
histogram counts) and 7 is the time constant of the dead time.
The "ring on" and "ring off" states were fitted individually.
The fits also included a scaling parameter a which is about unity
for "ring off" and approximately 0.2 for "ring on" due to the dif-
ference in geometry factor explained above. The resulting fits are
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shown as black lines in Fig. B.1. From the fits, we obtain a time
constant of 7 = 6.67 ms for the "ring on" state and 7 = 8.59 ms
for the "ring off" state. This means that the time constants differ
depending on the operational mode ("ring on" or "ring off") of
the instrument. This can be understood by the way the onboard
software analyzes the energy losses of the incident particles (see
Sierks (1997) and references therein). By applying these time
constants, we can scale the entries in the histogram to reflect the
actual number of particles that hit the detectors with:
S(t,N)=1+Nt (B.2)
For N, we use the sum of all coincidence counters for stopping
coincidences. These counters were also corrected for dead time
effects, making them a reliable representation of the true num-
ber of particles reaching the instrument. The correction of the
coincidence counters will be explained in Sec. B.1.

B.1. Dead time of single and coincidence counter

The dead time of the single counters is dominated by the time
constant of the discriminator 7, in the analog signal chain of each
detector. Its task is to determine whether the particle’s charge
pulse exceeds the detector’s threshold. The time constant of the
discriminator is defined by the time it takes for the charge pulse
to drop below a certain threshold. The exact time depends on
the height of the charge pulse, i.e., on the energy of the incom-
ing particle, but on average it is about 7, = 5 us. However, in
contrast to the dead time of the PHA chain, this dead time is
paralyzable. This means that if another particle hits the detec-
tor during the 5 s time interval of the discriminator, the charge
pulses of the particles are superimposed, thereby extending the
discriminator’s dead time.

We built a simulation model that mimics this discriminator
logic. When a particle event triggers the discriminator, its state
is set to one, a counter is incremented, and a time window of
T4 = Sps is opened. After this time the discriminator state is
reset to zero. However, if another particle event triggers the dis-
criminator within 74, the time window 7, is extended by 5 ps,
and the counter is not incremented. To determine the expected
counts M for a given number of particle events, we divided one
second into 107 time steps. For each step, we draw from a Pois-
son distribution to decide whether the discriminator is triggered
by a particle event. The mean value A of the distribution is deter-
mined by the number of particle events N and the step size At as
follows:
A=N-At=N-10"7 (B.3)

The results of this simulation are shown in Fig. B.2.The
expected count rate M is plotted as a function of the rate of true
particle events M. The black line represents the polynomial fit to
the simulated data. This fit can be used to correct for the detector
dead time by inverting the function, thereby obtaining the true
number of particle events N from the measured count rate M.

To correct the coincidence counter, we built a simplified
model of the instrument’s coincidence logic. In this model, only
the A detector is considered, since it dominates the dead time
of the coincidence channels. This is because it is located at the
front of the instrument and is therefore exposed to the highest
particle flux. Furthermore, its noise level is significantly higher
than that of the other detectors. The dead time of the coinci-
dence channels is determined by the coincidence time window
7.. During this interval, the instrument waits for all detectors
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Table A.1: Predefined coincidence channels used by EPHIN.

Type Name Energy Range Coincidence Condition®
MeV/nuc
Low High
Electron | E150 015 0.7 A0 Al B0 CO DO E0 FO GO 4°
E300 0.67 3.0 | A0OA1BOCODOEOFO0GO 43
E1300 | 2.64 78 | A0 E B0 CO DO EO @ @ 145
E3000 | 480 104 | A0 A1 BOCODOEOF0 GO 43
Proton P4 43 7.8 Alg BO @@@Eo@
P8 78 250 A1 A3 B0 C0 DO E0 FO GO 2
P25 250 409 A1 A3 B0 C0 DO E0 FO GO ?
P42 409  53.0 Al A3 BO CO DO EO FO GO 2
Helium H4 43 7.8 A4 B0 CO DO EO FO GO
H8 78 250 A3 B0 COE@@@3
H25 25.0 409 A2 B0 CO DO EOF0 GO ?
H42 409  53.0 A2 B0 CO DO EO FO GO 3
Electrons 8.7 —4
Integral Nucleons | 53.0 o A0 B0 C0O DO EO FO GO

Notes. ¥ As of 2017, the original channels E300, E1300 and E3000 are combined due to the failure modes of detectors D and E. @ As of 2017,
the original channels P8, P24 and P42 are combined due to the failure modes of detectors D and E. @ As of 2017, the original channels H8, H24
and H42 are combined due to the failure modes of detectors D and E. ® The upper energy limits for electron channels are defined by the related
response function. © The electron energy losses are in MeV. © A0 denotes an energy threshold that needs to be passed, Al a threshold that may
not be passed. The threshold values can be found in Miiller-Mellin et al. (1995).

References. Adapted from Miiller-Mellin et al. (1995).
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Fig. B.1: Left: A two-dimensional histogram showing the ratio between the counts in the first histogram and the coincidence counters for particles
stopping in the B detector. The bottom curve represents data taken during the "ring on" state, while the top curve corresponds to the "ring off"
state. Right: Mean values of slices taken from the 2D histogram shown in the left panel. The error bars indicate the standard deviation within each

slice.

to respond to the incoming particle. After the time window has
elapsed, the instrument decides whether the particle event con-
stitutes a valid coincidence. However, if another particle event
occurs in a different segment of the A detector during this
interval, this event is not valid and therefore not counted. Con-
sequently, this mechanism also contributes to the dead time of
the coincidence channels. Our model replicates this behavior.
Therefore, we use six of the previously described discriminator
models, corresponding to the six segments of the A detector. As
before, we draw from a Poisson distribution to decide whether a

segment is triggered. This event then starts the discriminator
time window 7. If the triggered segment is the first one, a coin-
cidence time window 7. = 3 s is opened as well. After 7. the
window is closed and the coincidence counter is incremented.
However, if another segment is triggered within 2.4 11s, this coin-
cidence is vetoed and therefore not counted. It should be noted,
that this 2.4 s is the actual duration of the coincidence win-
dow, i.e.,during that time the instruments listens for detector
signals. However, resetting the electronic chain also takes time
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Fig. B.2: Simulation results for the single detector dead time. This plot
shows the expected count rate M for a given rate of particle events N.
The data points were fitted with a polynomial function, which is shown
with the black line.
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Fig. B.3: Simulation results for the dead time of the coincidence chan-
nels. Plotted is the expected coincidence rate against the total count rate
in all six segments of the A detector. The black line represents a poly-
nomial fit to the data.

and therefore the instrument is only ready for further events after
T. =3 ps.

The results of this simulation are shown in Fig. B.3. The fig-
ure displays the expected coincidence rate as a function of the
total count rate across all six segments. The black line represents
a polynomial fit to the simulation data. This fit can then be used
to correct for the dead time of the coincidence counter.
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Appendix C: Determination of the contamination
flag

The data product provides both a flag and dedicated channels
(proton proxy) that indicate the current level of proton contam-
ination in the electron channels. Fig. C.1 shows the GEANT-4
simulation results for electrons (0.1-30MeV), protons (0.1 -
500 MeV) and helium particles (0.1-500 MeV). The flux in each
bin is plotted as a function of the total energy deposited in the
A and B detectors. The binning reflects the actual binning of the
instrument’s first histogram. The spectra of the incident particles
follow a power-law with a spectral index of y = —3, which serves
as a good approximation for typical event spectra.

As can be seen, at energies around 2MeV and above the
main contribution to the channel fluxes comes from protons
(blue curve), and at even higher energies, from helium particles
(orange curve). Furthermore the proton flux at these energies is
of the same order of magnitude as the proton flux at the lower
energies, where the electron channels are located (green curve).
Therefore, we can use these channels (ch24, ch25, ch26) to esti-
mate the proton contamination in the electron channels. These
channels are also sensitive for helium particles and can therefore
be used to indicate helium contamination. However, the contri-
bution of the particle species can not be disentangled and since
protons are in general more abundant in SEP events, we are
mainly considering protons.

The flag provided in this data product indicates for every
time stamp the highest channel that is considered as uncontami-
nated. The flag is determined as follows: First, we divide the 15
electron channels into groups of three, such that the first group
consists of channels E0Q, E1 and E2, the second group of chan-
nels E3, E4 and ES, and so on. The total count rate of each group
is then divided by the total count rate of the proxy channels.
Groups of channels are used instead of individual channels to
reduce statistical fluctuations. A group of channels is considered
as contaminated, when the calculated ratio gets below 2.0. This
is a empirical threshold based on the investigation of about 60
events.

It should be noted that the described method provides only
a rough estimation for the contamination of the electron chan-
nels. However, empirical studies have shown that this flag gives
a reliable and conservative indication of contamination.

Appendix D: EPHIN histogram energy ranges

Tab. D.1 lists the lower and upper energy thresholds for the dif-
ferent histogram channels of the instrument. It should be noted
that these energies represent the measured energy losses in the
detectors, which can differ from the actual primary energy of
the incoming particle (for further details, see Sec. 3.2). The
table also includes the expected particle types as given by Sierks
(1997).

Appendix E: Histogram electron channels

Tab. E.1 lists all electron channels defined in this data product.
For each channel, the corresponding histogram channel from
which it was derived is given, along with the effective energy
and characteristic response. The latter is provided for both the
"ring on" and "ring off" states.
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Table D.1: Energy bands of the different histogram channels.

channel fi—f channel f’i—f channel fi—f
electron keV || proton keV || helium keV
chO [0, 50] ch34 [4000, 4400] ch49 [13600, 16000]
chl [50, 100] ch35 [4400, 4800] ch50 [16000, 17600]
ch2 [100, 150] ch36 [4800, 5200] ch51 [17600, 19200]
ch3 [150, 200] ch37 [5200, 5600] ch52 [19200, 20800]
ch4 [200, 250] ch38 [5600, 6000] ch53 [20800, 22400]
ch5 [250, 300] ch39 [6000, 6400] ch54 [22400, 24000]
ch6 [300, 350] ch40 [6400, 7200] ch55 [24000, 25600]
ch7 [350, 400] ch4l [7200, 8000] ch56 [25600, 28800]
ch8 [400, 450] ch42 [8000, 8800] ch57 [28800, 32000]
ch9 [450, 500] ch43 [8800, 9600] ch58 [32000, 35200]
ch10 [500, 550] ch44 [9600, 10400] ch59 [35200, 38400]
chll [550, 600] ch45 [10400, 11200] ch60 [38400, 41600]
chl2 [600, 650] ch46 [11200, 12000] ch61 [41600, 44800]
chl3 [650, 700] ch47 [12000, 12800] ch62 [44800, 48000]
chl4 [700, 750] ch48 [12800, 13600] ch63 [48000, 51200]
chl5 [750, 800]
chl6 [800, 900]
chl17 [900, 1000]
chl8 [1000, 1100]
ch19 [1100, 1200]
ch20 [1200, 1300]
ch2l [1300, 1400]
ch22 [1400, 1500]
ch23 [1500, 1600]
ch24 [1600, 1800]
ch25 [1800, 2000]
ch26 [2000, 2200]
ch27 [2200, 2400]
ch28 [2400, 2600]
ch29 [2600, 2800]
ch30 [2800, 3000]
ch3l [3000, 3200]
ch32 [3200, 3600]
ch33 [3600, 4000]

References. Adapted from Sierks (1997)
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Fig. C.1: Results of a GEANT-4 simulation for electrons, protons and
helium particles. Shown is the particle flux as a function of the total
energy deposited in the A and B detectors.

Table E.1: Effective energies and characteristic responses for the
electron channels of the histogram data.

Ring on

Rpr / cm? st MeV

Ring off
Rpr / cm? st MeV

Channel | Histogram bin | E.¢ / MeV
EO ch4 0.299
El ch5 0.328
E2 ch6 0.372
E3 ch7 0.421
E4 ch8 0.473
E5 ch9 0.530
E6 ch10 0.587
E7 chll 0.643
ES8 chl2 0.703
E9 chl3 0.761

E10 chl4 0.821
Ell chl5 0.881
E12 chl6 0.969
E13 ch17 1.104
El4 chl18 1.241
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4.5%-2 + 6.96e-3
6.0le-2 +5.77e-3
6.83e-2 + 4.86e-3
6.81e-2 + 4.0le-3
5.90e-2 + 3.14e-3
4.67e-2 + 2.37e-3
3.47e-2 + 1.75e-3
2.49e-2 + 1.28e-3
1.72e-2 + 8.85e-4
1.17e-2 + 6.20e-4
8.04e-3 + 4.34e-4
5.37e-3 + 2.96e-4
5.90e-3 + 3.69¢-4
2.73e-3 + 1.85e-4
1.40e-3 + 9.85e-5

7.81e-3 + 1.46e-3
1.00e-2 + 1.22¢-3
1.12e-2 + 1.03e-3
1.12e-2 + 8.06e-4
9.62e-3 + 6.41e-4
7.76e-3 + 4.64¢-4
5.57e-3 + 3.50e-4
3.96e-3 + 2.51e-4
2.83e-3 + 1.91e-4
1.95e-3 + 1.36e-4
1.30e-3 + 8.72e-5
8.73e-4 + 6.45¢e-5
1.03e-3 + 9.03e-5
4.11e-4 + 4.18e-5
2.45e-4 + 1.81e-5
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