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ABSTRACT

Measurements of the energy spectra of particles in the heliosphere are of ma-
jor importance in order to understand basic physical acceleration and transport
processes. Furthermore, understanding their temporal variations is crucial with
regard to their impact in dosimetry for future manned space missions. The two
main components of particles in the heliosphere with energies above 100 MeV are
the sporadic Solar Energetic Particle (SEP) events and Galactic Cosmic Rays (GCR),
which have their intensity and energy spectrum modulated by the Sun on time
scales of up to several years. Both, SEP and GCR spectra have been measured for
decades by various space instruments below 100 MeV and by indirect ground-
based observations sensitive to energies above several GeV. Recently, the Alpha
Magnetic Spectrometer (AMS) and the Payload for Antimatter Matter Exploration
and Light-nuclei Astrophysics (PAMELA) have provided measurements from sev-
eral hundreds of MeV to higher energies with unprecendented precision. The en-
ergy range between 100 MeV and the energy range of AMS and PAMELA, however,
remains poorly covered by space instrumentation. Furthermore, magnetospheric
effects as well as the limited mission time of these instruments restrict the use of
AMS and PAMELA data for the heliosheric astroparticle community.

In this work, the observable energy range of the Electron Proton Helium Instru-
ment (EPHIN) onboard the Solar and Heliospheric Observatory (SOHO) was in-
creased with detailed simulations of the instrument and its response to energetic
particles. Since the developed method can be applied to data already taken by
the instrument, energy spectra for protons between 100 MeV and above 1 GeV
were derived for the entire SOHO mission and therefore significantly extend the
available data sets for SEP events and GCRs in terms of energy and time coverage.
The new measurement capabilities have been implemented for the high energy
component of SEP events [see Kiihl et al., 2015a, 2017] and the solar modulation
of GCRs [see Kiihl et al., 2015¢, 2016]. For both particle populations, the systematic
uncertainties of the method were evaluated and the results have been compared
to various other missions.

The annual proton spectra from 1995 to 2014 have been derived in an energy
range from 250 MeV up to 1.6 GeV and discussed with a focus on drift effects.
Furthermore, the possibility to apply the new method to Helium and heavy ions
has been examined.

SEP events have been investigated by statistical means utilizing the continous
measurements from EPHIN. For this purpose, the SEP events with an increase in
the intensity of protons above energies of 500 MeV which occured between 1995
and 2015 have been identified. The spectral properties of these events have been
calculated and analysed with special emphasis on whether or not the event has
been detected by ground-based instruments, i.e. Neutron Monitors (NMs).
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ZUSAMMENFASSUNG

Messungen der Energiespektren von Teilchen in der Heliosphére sind wichtig
um sowohl deren Beschleunigungs- und Transportprozesse zu untersuchen als
auch den Beitrag dieser Teilchen zur Strahlungsdosis zukiinftiger bemannter
Raumfahrtmissionen abschdtzen zu kénnen. Die beiden Hauptkomponenten von
Teilchen in der Heliosphédre mit Energien iiber 100 MeV sind die unregelméfig
auftretenden solaren energiereichen Teilchen (SEP) Ereignisse und die Galaktis-
che Kosmische Strahlung (GCR), deren Intensitdt und Energiespektrum durch
die solare Modulation auf Zeitskalen von bis zu mehreren Jahren beinflusst wird.
Diese Teilchen wurden unterhalb von 100 MeV von zahlreichen Instrumenten
auf Raumsonden und tiber mehreren GeV indirekt auf dem Erdboden gemessen.
Die Instrumente Alpha Magnetic Spectrometer (AMS) und Payload for Antimat-
ter matter Exploration and Light-nuclei Astrophysics (PAMELA) lieferten erstmals
prézise Messungen im Energiebereich von mehreren 100 MeV aufwirts. Durch
magnetosphérische Effekte und die geringe Missionsdauer dieser Instrumente ist
ihr Nutzen fiir die heliosphédrische Astroteilchenphysik jedoch begrenzt.

In dieser Arbeit wurde der Energiebereich des Electron Proton Helium Instru-
ments (EPHIN) auf dem Solar and Heliospheric Observatory (SOHO) mittels Simu-
lationen des Instrumentes und dessen Ansprechverhalten auf energiereiche
Teilchen signifikant erweitert. Da sich die entwickelte Method auf bereits
gemessene Daten des Instrumentes anwenden ldsst, wird der Datensatz tiber SEP
Ereignisse und die GCRs dadurch im Hinblick auf Energie- und Zeitabdeckung
signifikant erweitert.

Mittels der entwickelten Methode kdnnen Energiespektren von Protonen von
100 MeV bis iiber 1 GeV fiir die gesamte SOHO Mission (und damit mehr als 20
Jahre) berechnet werden.

Auf Basis dieser erweiterten Messfahigkeiten wurden energiereiche SEP Ereignisse
[Kiihl et al., 2015a, 2017] und die solare Modulation der GCR [Kiihl et al., 2015¢,
2016] untersucht. Fiir beide Teilchenpopulationen wurden die systematischen
Unsicherheiten mittels Simulationen und Vergleichen mit anderen Missionen un-
tersucht.

In den GCR Studien wurden die jahrlichen Proton Spektren vom 1995 bis 2014
in einem Energiebereich von 250 MeV bis 1.6 GeV berechnet und Drifteffekte an
Hand dieser Daten untersucht. Auflerdem wurde untersucht, in wie weit sich die
entwickelte Methode auf Helium und schwere Ionen erweitern lésst.

SEP Ereignisse wurden in einer statistischen Analyse untersucht. Hierfiir wurden
alle Ereignisse mit einem Intensititsanstieg von Protonen tiber 500 MeV zwis-
chen 1995 und 2015 identifiziert. Die spektralen Eigenschaften dieser Ereignisse
wurden dann berechnet und analysiert, insbesondere im Hinblick darauf, ob ein
Ereigniss auch von Instrumenten auf dem Erdboden, im speziellen Neutronen
Monitoren (NM), gemessen wurde.

iv



PUBLICATIONS: PEER REVIEWED JOURNALS

PROTON INTENSITY SPECTRA DURING THE SOLAR ENERGETIC PARTICLE EVENTS OF
MAY 17, 2012 AND JANUARY 6, 2014

P. Kiihl, S. Banjac, N. Dresing, R. Goméz-Herrero, B. Heber, A. Klassen and C.
Terasa, Astronomy & Astrophysics, Volume 576, id. A120, 9 pp. (2015), DOL:
10.1051/0004-6361 /201424874 Own contribution: 80%

ANNUAL CosMmIC RAY SPECTRA FROM 250 MEV UP TO 1.6 GEV FROM 1995 — 2014
MEASURED WITH THE ELECTRON PROTON HELIUM INSTRUMENT ONBOARD SOHO

P. Kiihl, R. Goméz-Herrero and B. Heber, Solar Physics, Volume 291, Issue 3,
PP-965-974 (2016), DOI: 10.1007/511207-016-0879-0 Own contribution: 90%

SoLAR ENERGETIC PARTICLE EVENTS WITH PROTONS ABOVE 500 MEV BETWEEN
1995 AND 2015 MEASURED wiTH SOHO/EPHIN

P. Kiihl, N. Dresing, B. Heber and A. Klassen, Solar Physics, Volume 292, Issue 1,
art. id.10, 13 pp. (2017), DOIL: 10.1007/511207-016-1033-8 Own contribution: 85%

Cosmic Ray TRANSPORT IN HELIOSPHERIC MAGNETIC STRUCTURES. I. MODELING
BACKGROUND SOLAR WIND UsiNG THE CRONOS MAGNETOHYDRODYNAMIC CODE
T. Wiengarten, ]J. Kleimann, H. Fichtner, P. Kiihl, A. Kopp, B. Heber and R.
Kissmann, The Astrophysical Journal, Volume 788, id. 8o, 16 pp. (2014), DOL
10.1088/0004-637X/788/1/80 Own contribution: 10%

Cosmic-RAay TRANSPORT IN HELIOSPHERIC MAGNETIC STRUCTURES. II. MODELING
PARTICLE TRANSPORT THROUGH COROTATING INTERACTION REGIONS

A. Kopp, T. Wiengarten, H. Fichtner, F. Effenberger, P. Kiihl, B. Heber, ].-L. Raath
and M. S. Potgieter, The Astrophysical Journal, Volume 837, id. 37, 9 pp. (2017),
DOI: 10.3847/1538-4357/aa6o3b Own contribution: 5%

PUBLICATIONS: CONFERENCE PROCEEDINGS

EXTENDED MEASUREMENT CAPABILITIES OF THE ELECTRON ProTON HELIUM IN-
STRUMENT ABOARD SOHO - UNDERSTANDING SINGLE DETECTOR COUNT RATES
P. Kiihl, S. Banjac, B. Heber, J. Labrenz, R. Miiller-Mellin and C. Terasa, Central
European Astrophysical Bulletin, Vol. 39, p. 119-124 (2015)

Own contribution: 60%

Garacric CosMmic Ray Quier TiME SPECTRA FROM 300 MEV UP TO ABOVE 1 GEV
MEeasureDp wiTH SOHO/EPHIN

P. Kiihl, N. Dresing, J. Gieseler, B. Heber and A. Klassen, Proceedings of Science,
ICRC2015, id. 224 Own contribution: 90%



SIMULTANEOUS ANALYSIS OF RECURRENT JOVIAN ELECTRON INCREASES AND GALAC-
TiC CosMIC RAY DECREASES
P. Kiihl, N. Dresing, P. Dunzlaff, H. Fichtner, J. Gieseler, R. Goméz-Herrero, B.
Heber, A. Klassen, ]. Kleimann, A. Kopp, M. Potgieter, K. Scherer and R. D.
Strauss, Central European Astrophysical Bulletin, Vol. 37, p. 643-648 (2013)

Own contribution: 60%

SPECTRUM OF GALACTIC AND JOVIAN ELECTRONS

P. Kiihl, N. Dresing, P. Dunzlaff, F. Effenberger, H. Fichtner, J. Gieseler, R. Goméz-
Herrero, B. Heber, A. Klassen, J. Kleimann, A. Kopp, M. Potgieter, R. D. Strauss
and T. Wiengarten, Proceedings of the 33rd International Cosmic Rays Confer-
ence, Vol. 5, p. 3480-3484 (2013) Own contribution: 70%

ForBUSH DECREASES ASSOCIATED TO STEALTH CORONAL Mass EJECTIONS

B. Heber, C. Wallmann, D. Galsdorf, K. Herbst, P. Kiihl, M. Dumbovic, B. Vr$nak,
A. Veronig, M. Temmer, C. Miistl and S. Dalla, Central European Astrophysical
Bulletin, Vol. 39, p. 75-82 (2015) Own contribution: 30%

PrOTON ENERGY SPECTRA DURING GROUND LEVEL ENHANCEMENTS AS MEASURED
BY EPHIN aBoArRD SOHO

B. Heber, N. Dresing, K. Herbst, A. Klassen, P. Kiihl and R. Goméz-Herrero,
Proceedings of Science, ICRC2015, id. 119 Own contribution: 30%

GEANT 4 SimurLATION OF THE HELIOS COosmic RAY TELESCOPE E6: FEASIBILITY OF
CHeEMICcAL COMPOSITION STUDIES

J. Marquardt, B. Heber, M. Horlock, P. Kithl and R. F. Wimmer- Schweingru-
ber, Journal of Physics: Conference Series, Volume 632, Issue 1, article id. 012016
(2015) Own contribution: 10%

THE CHEMICAL COMPOSITION OF GALACTIC CosMmIiC RAys DURING SOLAR MINI-
MUM OF SOLAR CYCLE 20/21 - HEL10S E6 RESULTS

J. Marquardt, B. Heber, P. Kiihl, and R. E. Wimmer-Schweingruber, Proceedings
of Science, ICRC2015, id. 123 Own contribution: 10%

JoviaN ELECTRONS IN THE INNER HELIOSPHERE: A PARAMETER STUDY ON INTEN-
SITY PROFILES NEAR EARTH

A. Vogt, P. Dunzlaff, B. Heber, A. Kopp, P. Kiihl, and D. T. Strauss, Proceedings
of Science, ICRC2015, id. 207 Own contribution: 10%

ImrrOVED 3HE/4HE IsoTOPE SEPARATION IN EPHIN DATA BASED ON SiMULA-
TIoNs C. Berndt, B. Heber, S. Banjac and P. Kiihl, Proceedings of Science, ICRC2015,
id. 207 Own contribution: 75%

EPHIN ANISOTROPY MEASUREMENT CAPABILITY
S. Banjac, R. Goméz-Herrero, B. Heber, P. Kiihl and C. Terasa, Journal of Physics:
Conference Series, Volume 632, Issue 1, article id. 012048 (2015)

Own contribution: 10%

Vi



CONTENTS

1

INTRODUCTION 1

1.1 Heliospheric Astroparticle Physics 1

1.2 Motivation of this thesis 3

ENERGETIC PARTICLES IN THE HELIOSPHERE 5
2.1 Galactic Cosmic Rays 5

2.2 Solar Energetic Particles 8

MEASUREMENT TECHNIQUES 11

3.1 Energy loss in matter 11

3.2 The Electron Proton Helium Instrument 14

3.3 Simulations of EPHIN utilizing GEANT4 17
3.4 Publication 1: Extended Measurement Capabilities of the Electron
Proton Helium Instrument aboard SOHO - Understanding Single

Detector Count Rates 21
3.4.1 Introduction 23
3.4.2 Instrumentation 24
3.4.3 Results 25
3.4.4 Summary and Conclusion 26
EXTENSION OF THE EPHIN ENERGY RANGE 29
4.1 Publication 2: Proton intensity spectra during the solar energetic
particle events of May 17, 2012 and January 6, 2014 31

4.1.1  Introduction 31
4.1.2  GEANT4 simulation of the Electron Proton Helium Instru-
ment 32
4.1.3 Application to SEP events 36
4.1.4 Summary and discussion 38
4.2 Supplemental Material I: Physical motivation of the fit function =~ 40
4.3 Supplemental Material II: Combination of data sets 43

vii



viii

CONTENTS

5 HIGH ENERGY GALACTIC COSMIC RAY SPECTRA 45

7

5.1

5.2

53

Publication 3: Galactic Cosmic Ray Quiet Time Spectra from 300 MeV
up to above 1 GeV measured with SOHO/EPHIN 47

5.1.1 Introduction 48

5.1.2 Instrumentation and Inversion Method 49

5.1.3 Results and Discussion 52

Publication 4: Annual Cosmic Ray Spectra from 250 MeV up to 1.6
GeV from 1995 — 2014 Measured with the Electron Proton Helium
Instrument onboard SOHO 54

5.2.1 Introduction 54

5.2.2 Instrumentation 55

5.2.3 Method 55

5.2.4 Results and Conclusions 59

Supplemental Material I: Heavy Ions 64

COMPILATION AND STATISTICAL ANALYSIS OF A SEP CATALOGUE 67

6.1

Publication 5: Solar energetic particle events with protons above
500 MeV between 1995 and 2015 measured with SOHO/EPHIN 69
6.1.1 Introduction 69

6.1.2 Instrumentation and Data 70

6.1.3 Identification Method of > 500 MeV Proton Events 73
6.1.4 Statistical event analysis 76

6.1.5 Summary 79

SUMMARY & OUTLOOK 83

BIBLIOGRAPHY 85



ACRONYMS

AMS

ACE

AU

BESS

CIR

CME

COSTEP

EPHIN

FD

FES

GCR

GOES

GLE

HMF

IMP8

LIS

NM

PAMELA

SOHO

SEP

Alpha Magnetic Spectrometer

Advanced Composition Explorer

Astronomical Unit

Balloon-borne Experiment with Superconducting Spectrometer
Co-rotating Interaction Region

Coronal Mass Ejection

Comprehensive Suprathermal and Energetic Particle Analyzer
Electron Proton Helium Instrument

Forbush Decrease

Force-Field Solution

Galactic Cosmic Rays

Geostationary Operational Environmental Satellites

Ground Level Enhancement

Heliospheric Magnetic Field

Interplanetary Monitoring Platform-8

Local Interstellar Spectrum

Neutron Monitor

Payload for Antimatter Matter Exploration and Light-nuclei
Astrophysics

Solar and Heliospheric Observatory

Solar Energetic Particle

ix






INTRODUCTION

1.1 HELIOSPHERIC ASTROPARTICLE PHYSICS

Since the discovery of Cosmic Rays by Hess [1912], many space-borne, balloon-
and ground-based experiments have greatly increased our astrophysical knowl-
edge and understanding by measuring particles in the solar system with energies
ranging from a few keV up to the ZeV range (10?'eV). The broad energy range
suggests that the observed particles are accelerated at different sources and by
various physical processes as illustrated in Fig. 1.

Galactic Cosmic Rays (GCR) are accelerated at supernova remnants [e.g. Blasi,
2013] and measured with energies within the MeV range up to ZeV. While the
GCR flux outside of the heliosphere is considered to be constant over time, mea-
surements in the inner heliosphere reveal temporal variations anticorrelated with
the solar activity [Heber and Potgieter, 2006; Heber et al., 2006]. Understanding
the physical processes responsible for the solar modulation of GCRs - for the first
time described theoretically by Parker [1958, 1959] - is one of the main aspects of
heliospheric astroparticle physics.

The second major topic in the field are Solar Energetic Particle (SEP) events. These
sporadic increases in the particle intensity by several orders of magnitude in
the energy range up to above 1 GeV are related to magnetic reconnection in so-
lar flares and shock acceleration in Coronal Mass Ejections (CMEs) [e.g. Reames,
2013].

Pick-up ions are neutral atoms from the local interstellar medium or of helio-
spheric origin that are ionized by solar photons (for the most part in the UV
range) or due to charge exchange in the inner heliosphere before being picked
up by the solar wind. In the classical picture these ions are transported to the
heliospheric termination shock by the solar wind, where they are accelerated by
diffusive shock acceleration to energies up to 5-100 MeV/nucleon [Drake et al.,
2010]. Undergoing the same transport processes as GCR, these anomalous cosmic
rays can be observed in the inner heliosphere. Note that recent measurements of
the Voyager spacecraft have challenged that classical picture regarding the accel-
eration site and processes [Stone et al., 2005, 2008].

Particle acceleration is also possible in planetary magnetospheres. The most
prominent example are jovian electrons forming one of the main contributions to
the observed electron intensities in the energy range of 0.2 to 25 MeV [Heber et al.,
2007]. Studies regarding jovian electrons and their energy spectra have been per-
formed in the scope of this work and are published in Kiihl et al. [2013b,a]; Vogt
et al. [2015]. Furthermore, acceleration can occur in the interplanetary medium.
The interaction of a fast solar wind stream with a preceding slow stream can cre-
ate Co-rotating Interaction Regions (CIRs). These structures with varying plasma
parameter can not only influence the propagation of energetic particles but also
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Figure 1: Sketch of the various particle populations in the heliosphere (taken from
Kunow et al. [1991]).

accelerate particles to energies of above 1 MeV/nucleon via shock acceleration
[Fisk and Lee, 1980]. In the scope of this work, CIRs and their influence on the
propagation of energetic particles have been studied and published in Wien-
garten et al. [2014]; Kopp et al. [2017].

The large energy range as well as the different sources and acceleration processes
indicate the complexity of heliospheric astroparticle physics and the different
field of physics related to it. Of special interest are the acceleration of the differ-
ent particle populations and their propagation through the heliosphere for which
various parameters such as charge states, isotopic and elemental compositions,
anisotropies and the energy spectra are measured. The latter has proven to be
one of the most valuable tools since the spectral shape can be directly related
to acceleration processes [Giacalone and Neugebauer, 2008] and transport effects
such as adiabatic cooling [Moraal, 2013].



1.2 MOTIVATION OF THIS THESIS

1.2 MOTIVATION OF THIS THESIS

In recent years, the next generation of astroparticle instruments like the Alpha
Magnetic Spectrometer (AMS) [Aguilar et al., 2015] and the Payload for Antimat-
ter Matter Exploration and Light-nuclei Astrophysics (PAMELA) [Adriani et al.,
2013] have started a new era of astroparticle physics with measurements of un-
precedented precision and energy coverage. While being primarily designed for
the search of dark matter and the investigation of high energy physics, their
measurements in the energy range from several hundreds of MeV up to several
GeV are of significant scientific value for the heliospheric astroparticle commu-
nity, particularly regarding the energy spectra of the solar modulated GCRs as
well as SEP events. However, the instrumental design as well as their position in
the Earth’s magnetosphere restrict the measurements to relatively high energies.
Since the majority of interplanetary particle instruments are limited to energies
below 100 MeV, the intermediate energy range is poorly explored with the ex-
ception of some instruments like the Interplanetary Monitoring Platform-8 (IMP8)
and the Geostationary Operational Environmental Satellites (GOES) that provide
only very limited capabilities to bridge this energy gap.

It is the aim of this thesis to extend the energy range of the Electron Proton He-
lium Instrument (EPHIN) aboard the Solar and Heliospheric Observatory (SOHO)
to higher energies to further bridge this gap in the energy regime from 100 MeV
to 1 GeV. This extended energy range allows to compare and intercalibrate EPHIN
with AMS and PAMELA at high energies as well as various measurements below
100 MeV and to provide the community with continuous measurements over the
entire cosmic ray energy range.

In particular, the data of EPHIN was measured continuously over more than 20
years and can be used for studies on how the solar modulation does affect the
GCR spectrum. Especially our knowledge and understanding of the heliospheric
drift effects depend on the availability of long-term observations since they are
related to the polarity of the Heliospheric Magnetic Field (HMF) that changes
with a periodicity of two solar cycles (~ 22 years).

Furthermore, an extension of the energy range of EPHIN provides new insights
on SEP events with particles accelerated to several hundreds of MeV. While most
high energy SEP event studies are focussed on describing individual events, it
is possible to perform statistical analysis of multiple measured particle spectra
based on the continuous data from EPHIN.

Last but not least, the SOHO mission has one distinct advantage with respect to
AMS and PAMELA which is its orbit around the Lagragian point 1 well outside of
the Earth’s magnetosphere. While the main objectives of AMS and PAMELA (dark
matter and cosmic rays with energies above several tens of GeV) are not influ-
enced by the magnetosphere due to their high rigidity, the deflection gets more
and more important with decreasing energy. Therefore both missions can only
measure particles at lower energy during orbit periods of high latitude where
particles can enter the magnetosphere over the magnetic poles with lower rigid-
ity. Due to this reduction in statistics and/or time resolution certain features of
SEP events such as the velocity dispersion can not be observed in detail. EPHIN
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Instrument AMS-02 PAMELA EPHIN
mass 7500 kg 470 kg 3.55 kg
dimensions 500 X 400 X 300 cm® | height: 130 cm | 35 x 22 x 19 cm?
power consumption 2500 W 355 W 1.85 W
averaged data rate 10 Mbit/sec 1.4 Mbit/sec 172 bit/sec
geometry factor 4500 cm? st 21.5 cm? sr 4.5 cm? sr
proton energy range 0.5 - 2000 GeV 0.08 - 700 GeV 5 - 53 MeV
spacecraft ISS Resurs DK1 SOHO
altitude ~ 400 km 350-600 km 1.5- 10® km (L1)
launch date May 2011 Jun 2006 Dec 1995

Table 1: Comparison between the AMS-o2 [Kountine, 2012; Bindi, 2015], PAMELA [Picozza
et al., 2007] and EPHIN [Miiller-Mellin et al., 1995] instruments.

aboard SOHO on the other hand is free of these limitations and can not only
complement measurements of these missions for SEP studies but investigate the
transport of particles through the magnetosphere in combined studies.

In order to extend the energy range for EPHIN, it is necessary to develop a method
that identifies the particle type and total energy of particles with energies above
50 MeV /nucleon. Furthermore the response of the instrument to these particles
has to be derived in order to calculate the physical intensity rather than a simple
count rate.

The challenges for such an extension are obvious when comparing the instru-
mental and engineering properties of AMS and PAMELA to EPHIN as presented
in table 1. It is obvious that EPHIN is a different class of instrument than AMS,
with differences of more than three orders of magnitudes regarding not only the
mass, power consumption and data rate but also the geometrical response of the
instrument. Note that the entire SOHO spacecraft with its mass of 610 kg is still
ten times lighter than the AMS instrument.

However, recent studies have shown that the measurement capabilities of EPHIN
can be extended by utilizing sophisticated GEANT4 simulations of the instrument
and its response to energetic particles. Kiihl et al. [2015b] have shown that the
very high count rates of each individual detector (up to 25000 counts/minute)
can be used in order to investigate small intensity variations such as Forbush
Decreases (FDs) with high time resolution as well as GCR modulation. In a sim-
ilar approach, Curdt and Fleck [2015] have used the engineering data of the
SOHO spacecraft itself as records of GCRs and SEP events. Furthermore, Banjac
et al. [2015] have shown that the pitch-angle distribution of particles measured
by EPHIN can be derived using the segmentation of the first two detectors and
a magnetic field measurement from the Advanced Composition Explorer (ACE)
[Stone et al., 1998] extrapolated to SOHO.



ENERGETIC PARTICLES IN THE HELIOSPHERE

2.1 GALACTIC COSMIC RAYS

Galactic Cosmic Rays (GCR) are energetic particles, which consist of mainly pro-
tons with about 10 % fraction of helium nuclei and small abundances of heav-
ier elements, electrons and positrons with energies within the MeV range up to
~ 102! eV. The main acceleration process for energies up to 10'> eV is shock
acceleration in super nova remnants [Blasi, 2013]. Although the GCR flux in the
Galaxy is considered to be constant over time, it is well known that at energies
below 30 GeV the flux in the heliosphere is anti-correlated with the 11-year and
22-year solar-activity cycle due to solar modulation [e.g. Heber and Potgieter,
2006; Heber et al., 2006; Lifter et al., 2002].

Fig. 2 shows the count rate of the Kiel Neutron Monitor (NM) and the monthly
averaged sunspot number. NMs measure secondary particles created by interac-
tions of GCRs in the Earth’s atmosphere and are often used as proxy for the over-
all GCR intensity because they provide continuous measurements over several
decades. As shown, a clear anti-correlation between the NM count rate and the
sunspot number, which itself is a proxy for the solar activity, is present. Besides
these 11-year variations, an influence of drift effects depending on the Helio-
spheric Magnetic Field (HMF) polarity (indicated by the coloured background, cf.
Krainev and Kalinin [2014]) can be observed: While the count rate in A~ cycles
features a sharp maximum, a plateau-like shape can be observed in A" cycles.
The relevant processes of the solar modulation can be described by the helio-

7 180}

(]

3 1 400

©

= 160 5
(0]

§ 1300 2

— + - =}

S 140 A A 2

5 2

g 1200 :

S 120| @

3 1100

c

T

2 100

I I I [ I ! |
1960 1970 1980 1990 2000 2010

year

Figure 2: Count rate of the Kiel NM (black, left hand axis, http://www.nmdb.eu/) and
monthly smoothed sunspot number (red, right hand axis, http://sidc.oma.
be/silso/datafiles) over more than five decades. The coloured background
indicates the polarity of the HMF (AT and A7).
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ENERGETIC PARTICLES IN THE HELIOSPHERE

spheric transport equation first derived by Parker [1965], which is based on the
equations of motion of charged particles in fluctuating magnetic fields and on
the assumption of an isotropic GCR flux. In a rewritten form by Potgieter [2013]
this equation reads:

of 1 of

5 = (VA va) VIV (K -V + 2 (V- V) o, (1)

where f(r,P,t) is the GCR distribution function depending on rigidity P, time
t and the position in the heliosphere r. Since a solar rotation (~ 28 days) and
the travel time of a solar wind parcel to the edge of the heliosphere (~ 1 year)
are sufficiently smaller than the time-scales of the solar activity (~ 11 years), a
steady-state solution with 9f/dt = 0 (part a) is often considered. The remaining
terms describe the convection depending on the solar wind velocity V (part b),
drift effects due to gradient and curvature drifts in the global HMF resulting in
the averaged particle drift velocity (vq) [Webber and Lockwood, 1988] (part c),
diffusion given by the symmetrical diffusion tensor K (part d) and the adiabatic
energy change (part e). Since it is not possible to solve the equation analytically,
the majority of theoretical studies address the solar modulation by means of sim-
ulations [e.g. Jokipii and Kopriva, 1979; Le Roux and Potgieter, 1995, Manuel
et al, 2011].

A simplified approximation of the modulated GCR spectra is the Force-Field So-
lution (FFs) as first derived by Gleeson and Axford [1967, 1968b], which gives
reasonable results for energies above 150 MeV [Gleeson and Urch, 1973]. With
the neglection of drift effects, the estimation of the adiabatic deceleration with
the Compton-Getting effect [Gleeson and Axford, 1968a] and the assumption of
a radial symmetric heliosphere as well as no local sources of GCRs, the intensity
] of a particle type i with a kinetic energy T is given by

T(T+2Ep,4)

Ji(T, @) = Jrisi(T+ @) (T+O)(T+D+2E;)

(2)

Jiis,: represents the Local Interstellar Spectrum (LIS), i.e. the spectrum outside
of the heliosphere. Although the latest results of the Voyager mission were able
to reduce uncertainties about the modulation volume (i.e. the size of the helio-
sphere) as well as the LIS [Stone et al., 2013], it is important to note that the choice
of a LIS model can have a significant effect on the results [see Herbst et al., 2010,
2017].

The modulation function ® = (Ze/A)d, with Z, A being the charge and mass
number of the particle, is proportional to the so-called Force-Field parameter
¢, which itself correlates with the solar activity with typical values withing the
range of 100-2000 MV [Usoskin et al., 2011]. Assuming that the rigidity (P) and
radial distance (1) dependency of the diffusion coefficient is separable in the form

K(T, P) o< k1 (1)k2(P) )
and that the rigidity dependence can be estimated with

K2(P) < P (4)



2.1 GALACTIC COSMIC RAYS

7
S
[
U]
wn
&
i=
~ 10 =
= -- LS — 600 MV 1000 MV
o[ — 300Mmv 700MV ~ — 1100 MV
10°H — 400 Mv 800 MV  — 1200 MV
— 500 MV 900 MV  — 1300 MV
10" I ‘ ‘
107 107 10° 10*
E / GeV

Figure 3: The proton LIS given by Burger et al. [2000] and the modulated spectra near the
Earth approximated with the FFs for various modulation potentials ¢.

the modulation potential ¢ is given by

. V() ’
ol = | gr G

with V(r) being the solar wind velocity. While the heliospheric boundary Ty, can
be considered to be either the solar wind termination shock (=~ 90 Astronomical
Unit (AU)) or the heliosheath, the lower boundary is mostly set to Earth (1 AU)
since the majority of FFS studies is based on measurements performed near the
Earth. A comprehensive review of the derivation of the FFS can be found in
Caballero-Lopez and Moraal [2004, and references therein].

In Fig. 3 the resulting modulated spectra of Eq. 2 are shown for protons, using
the LIS given by Burger et al. [2000]. While the variation of the intensity at lower
energies (10 < E < 300 MeV) can be as large as two orders of magnitude, the
intensity at high energies (E >> 10 GeV) is barely modulated at all.

The simplicity of the FFS is both, the main advantage and disadvantage of the
method. For various applications, describing the modulated GCR spectra near
the Earth with just a single parameter ¢ for a given particle type and LIS is quite
convenient, i.e. for the study of cosmogenic nuclides [Matthid et al., 2013; Herbst
et al., 2017] or radiation doses caused by GCRs [Mertens et al., 2013]. However, nei-
ther drift effects nor local modulation due to either CIRs or CMEs can be described
by the FFs. Furthermore, Corti et al. [2016] found that the rigidity dependency of
the diffusion coefficient is more complex than what is assumed in Eq. 4 .

In recent years, the spectrum of GCRs has been measured by next generation par-
ticle detectors such as AMS [Alcaraz et al., 2000], AMS-02: [Aguilar et al., 2015]
and PAMELA [Adriani et al., 2013] in space as well as by various balloon cam-
paigns like Balloon-borne Experiment with Superconducting Spectrometer (BESS)
[Shikaze et al., 2007] and BESS-Polar [Abe et al., 2015]. While the high precision
and large energy range of these instruments represent new challenges for solar
modulation models [Potgieter et al., 2014], they do not provide continuous ob-
servations over the 22-year HMF cycle, which is important in order to understand
the role of drift effects.

7
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2.2 SOLAR ENERGETIC PARTICLES

In contrast to the continuous flux of GCRs which varies on time scales of several
years, the particle intensity in the interplanetary medium can increase by several
orders of magnitude within several minutes during Solar Energetic Particle (SEP)
events. The events are more likely to occur during solar maximum [Nymmik,
1999] and can consist of various particle species which are accelerated near the
Sun from supra thermal (few keV) up to relativistic (few GeV) energies [Desai
and Giacalone, 2016].

Wild et al. [1963] were the first to propose two different acceleration processes
for SEPs, currently believed to be magnetic reconnection during solar flares and
shock acceleration at Coronal Mass Ejection (CME) -driven shocks [Reames, 2013;
Cliver, 2016]. In the following, an introduction to the basic concepts of both event
classes and the related particle observations is given. For a more detailed review
the reader is referred to Reames [1996, 1999, 2013]; Kallenrode [2003], a compre-
hensive historical review is given by Shea and Smart [1990].

The left panel of Fig. 4 shows remote sensing observations of the Sun at a wave-
length of 195 A from the Extreme Ultraviolet Imaging Telescope [EIT, Delaboudiniere
et al.,, 1995] on board SOHO measured on July 14th, 2000. In the center of the disk,
a solar flare can be observed as a point source with such a high photon intensity
that the signal overflows to adjacent pixels. Solar flares are related to magnetic
reconnection processes in the low solar corona. The majority of the particles ac-
celerated in these structures remain confined, causing characteristic photon emis-
sions in the X-ray and UV range lasting for several minutes to hours as they
are decelerated while streaming into regions of denser plasma. A fraction of
the accelerated particles, however, can escape the acceleration region along open
magnetic field lines, streaming into the interplanetary medium. The composition
of these particles is typically electron- and iron-rich with a large 3He/%He ratio
due to resonant wave-particle interaction in the acceleration region [Cane and
Richardson, 2003].

2002-01-04 10:34:54 ‘

Figure 4: Left: A flare observed near the center of the solar disc on July 14th, 2000
with the SOHO/EIT instrument at a wavelength of 195 A. Right: A CME ob-
served on January 4th, 2002 with the sOHO/LASCO Cz2 white-light corono-
graph (structure in the upper left corner). Both images have been created with
https://helioviewer.org.
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Figure 5: Intensity-time profiles of ions and electrons for an impulsive (left) and a grad-
ual event (right) as measured by ACE/EPAM. Figure taken from Lario [2005].

The second major acceleration process is shock acceleration at CME driven shocks
[Webb and Howard, 2012]. The right panel of Fig. 4 shows a white-light corono-
graphic image taken by the Large Angle and Spectrometric Coronagraph C2 [LASCO,
Brueckner et al., 1995] of a CME on January 4th, 2002. The measured photon inten-
sity is dominated by Thomson scattering by free electrons and hence the figure
can be interpreted as a line of sight integration of the electron density [Quémerais
and Lamy, 2002]. The intensity increase in the top-left corner can be identified as
a CME. During the expansion of the CME in the interplanetary medium, shocks at
which particles can be accelerated efficiently can be formed.

Due to the different acceleration mechanisms and regions, the flare- and CME-
related SEPs differ not only in their composition but in their intensity-time pro-
files. Typical examples of both events can be seen in the panels of Fig. 5. In the
left panel an SEP event related to a solar flare is shown. An impulsive increase in
both, proton and electron intensities, that lasts for several hours is observable. In
the right panel, a SEP event is shown that is caused by a CME with a gradual in-
crease in the proton intensity and a maximum of particles when the shock passes
the spacecraft, indicating a persistent acceleration of particles. Due to these mea-
surements, flare and CME related events are often referred to as impulsive and
gradual events, respectively.

However, it has to be noted that this textbook classification does not reflect the
reality of all SEP events since fast CMEs are often associated with flares. Further-
more, a variation from event to event is also probable. Hence, distinguishing the
different contributions for a single event can be rather difficult, especially con-
sidering that the injection into and the transport in the interplanetary medium
of the SEPs has to be taken into account as well [Lario, 2005]. In order to disen-
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Impulsive Gradual
Particles: Electron-Rich Proton-Rich
3He/*He ~1 ~0.0005
Fe/O ~1 ~0.1
H/He ~10 ~100
Duration Hours Days
Events/Year ~1000 ~10

Table 2: Main characteristics of impulsive and gradual SEP events in comparison (adapted
from Cliver [2009]).

tangle these different effects, the combination of remote-sensing observation and
in-situ measurements is necessary [Cliver, 2009]. For the latter, the investigation
of the elemental composition of an event is of major importance as indicated by
Table 2. Here some of the main characteristics of both event types are summed
up. As can be seen, measurements of the 3He to *He ratio or the Iron to Oxygen
ratio can be used to distinguish between both event types. Another important
measurement is the energy spectra of the particles, which are directly related to
the acceleration process [e.g. Tripathi et al., 2013]

One specific subclass of SEP events are those with sufficient intensity increases
at high energies such that their resulting cascades of secondary particles in
the Earth’s atmosphere result in an increase in the count rate of NMs. Due to
the continuous measurements of NMs, these so-called Ground Level Enhance-
ments (GLEs) have been measured for more than seven decades with the first one
already reported in 1946 by Forbush [1946]. In total 71 GLEs have been observed
by now, an average of one GLE per year with a higher likelihood during solar
maximum conditions. The biggest GLE observed occured on February 23, 1956
[Reames, 2013] and while it has been found that the majority of GLEs are related
to gradual SEPs events [Reames, 1999], Aschwanden [2012] points out that "the
question arises about the location of the responsible acceleration site: coronal flare recon-
nection sites, coronal CME shocks, or interplanetary shocks".

A valuable tool to shed some light on this discussion is the study of the energy
spectra of GLEs. Although simulation-based calculations of the SEP energy spec-
trum from NM measurements have been proven to be possible [Mishev et al.,
2014], the results are rather difficult to interpret due to the fact that the count
rate of NMs is not only influenced by the Earth’s magnetic field itself [Lockwood
and Debrunner, 1999] but is also found to be sensitive to the arrival direction of
particles due to deflection by the magnetosphere [Shea and Smart, 1990]. Hence,
direct measurements of the energy spectra of a statistical sample of GLEs are nec-
essary.

Recent measurements from PAMELA [Bazilevskaya et al., 2013] and AMS [Bindi,
2015] have shown the high energy component of SEP spectra with unprecedented
precision. However, due to the rare occurrence of SEPs with energies near or even
above 1 GeV, continuous measurements over several decades are necessary in
order to obtain a larger sample of events.



MEASUREMENT TECHNIQUES

3.1 ENERGY LOSS IN MATTER

Energetic particles deposit a fraction of their kinetic energy during the passage of
dense matter due to various processes depending on their initial energy. Figure 6
shows the stopping power (i.e. the differential energy loss divided by the density
of the target material) of positive muons in copper. Indicated by the verticle
lines are the energies at which different processes dominate. For a wide range
of energies (0.05 < By < 500), the dominating process is the excitation and
ionization of the target material due to inelastic scattering with electrons of the
target’s atoms. Since the analysis in this thesis focuses on protons in the energy
range from 5 MeV (3 -y =~ 0.1) up to 1600 MeV (3 -y = 2.5), other processes
are not discussed and the reader is referred to the comprehensive review of all
processes given by Longair [1992].

Although the energy loss caused by inelastic scattering is a stochastic process
[Landau, 1944], the average energy loss can be derived based on the momentum
transfer of the projectile to the electrons of the target atom as first described
by Bethe [1930]. The derivation is based on fundamental work from Bohr [1913,
1915] and has been later improved by Bloch [1933] resulting in the Bethe-Bloch
equation. Further corrections have been described by Weaver and Westphal [2002]
and a detailed review of the calculations is given by Fano [1963].
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Figure 6: Stopping power for positive muons in copper as function of y=p/Mc [fig. 27.1
in Nakamura and Particle Data Group, 2010]
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The classical, non-relativistic derivation assumes that the electrons in the material
are free and at rest. Furthermore, it is assumed that the projectile particle is not
deflected since its mass is significantly larger than the mass of the electrons. Note
that the latter assumption as well as the neglected Bremsstrahlung are the main
reasons why electrons can not be described by the Bethe-Bloch equation.

The momentum transfer of a particle with charge ze, mass m and velocity v
passing an electron in the target material at the distance of b is given by

2
Ap:Jth:qJ j—d —qJEidXZZi;- ©)

Only the perpendicular component of the electric field E/, has been considered
while the components parallel to the direction of movement have been neglected
since they are canceled out for symmetry reasons. The last conversion uses the
divergence theorem. Based on this equation the energy transfer as a function of
the impact parameter b is

(Ap)?  2z%¢!
2m.  meb22

AE(b) = (7)

For the energy loss all electrons with an impact parameter between b and b + db
have to be considered taking into account the electron density Ne:

Anz%e*  db
¢ N2 ax ®)

—dE(b) = AE(b)NdV = AE(b)N2tbdbdx = ——
meV b

Integrating over the impact parameter from by in to bimax results in

dE  4mz?e? max
_ N 1 _
dx  mev2 <bmin ©)

Based on the maximum impuls transfer of a central collision (Ap = 2m.v) the

minimal impact parameter is found to be byin = ——
e

energy transfer to equal the mean excitation potential of the material I defines

bmax =1/ mz 1 “o-. With these boundaries, Eq. 9 translates to the non-relativistic

Bethe-Bloch equation:

_dE 21z e4N In 2mev2
dx mev2

(10)

Taking into account relativisitic and quantum mechanical effects [Longair, 1992],
the Bethe-Bloch equation reads

dE 4t Nez? e2 \?2 2mec?p? 2
Tdx mecZ B <4W€o> . (ln (I(]—Bz)) P >/ )

The electron density described by

Ne = P (12)
at-u

adds material constants such as the target’s density p as well as the target’s
charge and mass number z; and a respectively.
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Figure 7: Cy (defined in equation 13) as function of 3 derived for silicon (I=172 eV).

Apart from the target’s material, the differential energy loss dE/dx also depends
on the projectile’s charge z and velocity 3 = v/c allowing the identification of
particles using an appropriate detector set-up that can measure the differential
as well as the total energy loss with the dE/dx-E method.

The method is based on the assumption that

2mec?p?
Co = (m (Inﬁiﬁz)) _ BZ) (13)

is constant for non-relativistic particles. Figure 7 presents Cy as a function of the
projectile’s velocity 3. The vertical lines show {3 for protons with an energy of 5
and 50 MeV, respectively. Since the actual energy loss of a particle is a stochastic
process with a Landau distribution, the variation of Cy is negligible in this energy
range. Hence, for a given target material and for particles in this velocity range
we find

2 2

z z
dE/dx 32 x 7 (14)
For non-relativistic particles the kinetic energy of the particle is given by
1
E= 7 me V2 (15)
and hence
dE/dx-E « z% - m. (16)

Therefore, the product of the differential energy loss and the total kinetic energy
is characterized by the mass m and charge z of the detected particle for a given
target material. Hence, this dE/dx-E method can be used to distinguish between
different particle types. Since Eq. 16 depends not only on the charge but also on
the mass of the projectile, the method can be also used to distinguish between
different isotopes such as 3He and “He.

13
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3.2 THE ELECTRON PROTON HELIUM INSTRUMENT

As mentioned in Chapter 1 and 2, characteristics such as isotopic composition,
energy spectra and pitch-angle distributions are necessary in order to understand
the physics of SEP events (see Section 2.2) and the modulation of GCRs (see Sec-
tion 2.1). For that purpose, it is the aim of particle detectors to measure these
quantities. However, due to the strict limitations regarding mass and power con-
sumption on spacecrafts, most instruments are only able to measure a set of these
quantities at limited ranges such as a defined energy range or only a subset of
ions. To overcome these limitations, most missions feature a set of different in-
struments specializing on different quantities and ranges.

The Solar and Heliospheric Observatory (SOHO) mission launched on December
2, 1995 goes beyond that idea, featuring not only a set of in-situ particle detectors
but also remote sensing instrumentation [Domingo et al., 1995]. One of the in-situ
instruments of the collaborative mission between ESA and NASA is the Electron
Proton Helium Instrument (EPHIN) instrument [Miiller-Mellin et al., 1995] as part
of the Comprehensive Suprathermal and Energetic Particle Analyzer (COSTEP)
detector suite. A second unit of the instrument was later installed on the Chandra
spacecraft. A cross-section and a photograph of the EPHIN instrument are shown
in Fig. 8. The instrument consists of a stack of six silicon solid state detectors
(labelled A to F), with the first two detectors being segmented in order to im-
prove the identification of different isotopes and to decrease dead-time effects
during time periods of high intensities. A scintilator (G) is enclosing this stack
as anti-coincidence, restricting particles to enter the instrument along the axis of

’—\ Kapton foil
Titanium foil

A and B detectors

Figure 8: Sketch of the EPHIN instrument [adapted from Gémez-Herrero, 2003] (left) and
a photograph of the instrument (right). The segmentation of the detectors A
and B is also indicated (bottom).
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Figure 9: The nominal measurement capabilities of EPHIN for electrons (blue), protons
(red) and Helium (green) taken from Miiller-Mellin et al. [1995]. The energy
range of high energy particles investigated in this thesis is also marked (or-
ange).

symmetry. For the nominal measurements, particle that trigger neither the anti-
coincidence G nor the detector F while at least triggering the first two detectors
(A and B) are analysed in order to calculate the energy dependent intensity of
electrons and protons as well as of Helium isotopes. The energy ranges for these
measurements are shown in Fig. 9. The lower limits are defined by the minimal
kinetic energy a particle is required to have in order to penetrate the detector A
and trigger detector B. The upper limit is given by the energy at which a particle
penetrates the entire detector stack and triggers detector F.

For these stopping particles, the identification of the particle is done by the
dE/dx-E method (see Chapter 3.1). Since detector A of the EPHIN instrument
is very thin (150pum) and the angle of incidence is limited due to the coincidence
conditions (see Fig. 8), the energy deposition in this detector EA can be consid-
ered as differential energy loss. With detector F as anti-coincidence for these mea-
surements, the sum of the energy losses of the detectors A throughout E equals
the total kinetic energy of the particle (E¢otq1). The product of those quantities
can thus be used as particle identification.

As an example, a histogram of the product of differential energy loss and total
kinetic energy measured at October 31, 2004 is shown in Fig. 10. Note that a 3He
rich SEP event occured on that day, resulting in a high 3He/*He ratio compared
to measurements of the GCR background. The shown coincidence conditions re-
quire particles to trigger detectors A and B while not reaching detector C and cor-
responds to energies between 4.3 and 7.8 MeV /nucleon for protons and Helium
isotopes. The red, lightgreen and darkgreen vertical lines indicate the expected
dE/dx-E values based on the Bethe-Bloch equation for protons, 3He, and *He at
energies of 7.8 MeV /nucleon, respectively. The particle populations of electrons,
protons as well as different isotopes of helium (*He and “He) can be clearly seen
in the histogram and are in good agreement with the expected values. Note, that
the histogram is more ragged at lower energies (especially at the electron peak)
due to the digitalization process of the instrument.

In order to calculate the intensity of the different particle species I based on the
measured count rate of this particle C, the response R of the instrument has to be
taken into account. Considering a single particle type, the measured count rates
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Figure 10: Histogram of the product of the energy-loss in detector A (E5) and the to-
tal energy (E¢otq1) for particles that have stopped in detector B measured at
October, 31, 2004.

Co,.-, Cn are related to the particles intensities at different energies 1iy,.., ij via the
response matrix R:

Co T‘o/o . T‘o/j io
= : : : X | (17)

Cn Th,0 - Tnj ij

Note that in reality, any defined coincidence has also a non-zero response for all
other particles species further complicating the calculation of the intensities. For
an ideal detector with n = j, however, the elements on the main diagonal of R
would be constant (rp0=71,1=...=7 ;=G) and all other elements would be zero.
The constant response G is called the geometry factor of an instrument.
Based on Sullivan [1971, Eq. 9], the geometry factor of a telescope consisting of
two circular detectors can be calculated via

G= %7[2 (R} +R3+12 — (R} +R3 +12)2 — 4RFR3)'/2) (18)
depending on the distance between the two detectors 1 as well as the radii Ry, Rz
of the two detectors.
For detectors A and B of EPHIN with RA = Rg = 19 mm and 1 = 42.9 mm
this results in Ggpyin=5.1 cm? sr. However, in order to derive the actual energy
dependent response of the instrument, physical processes of the transport of
energetic particles through matter such as scattering have to be considered by
means of simulations and/or calibration measurements.
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3.3 SIMULATIONS OF EPHIN UTILIZING GEANT4

GEANT4 [Geometry and Tracking, GEANTY collaboration, 2006; Agostinelli et al.,
2003] is a Monte Carlo simulation toolkit for the passage of energetic particles
through matter including various physical processes such as electromagnetic and
hadronic interactions of the particles. Due to the large number of physical pro-
cesses included in the toolkit, it is widely used in the fields of high energy, nu-
clear and medical physics. In astroparticle physics, GEANT4 is often utilized in
order to understand and improve instruments and their response to energetic
particles.

For the purpose of this work, a digital replica of EPHIN including not only the
geometrical but also material properties has been created. Fig. 11 shows this in-
strument together with simulation results of a beam of 100 protons with initial
kinetic energies of 40 MeV. For purpose of clarity, any material not related to one
of the detectors (e.g. the aluminium housing) is not shown in the figure, although
included in the simulation. In addition to protons (blue), secondary electrons cre-
ated due to interaction with the detector material are shown (red). The simulation
derives the energy deposit in any defined volume, e.g. the solid state detectors
(A to F) as well as the anti-coincidence scintilator (G) for every single particle.
Furthermore, the particle source can be adopted such that the primary particles
are not generated in a beam-like distribution as shown in Fig. 11 but isotropically
in order to calculate response functions and to reflect the actual measurements
of particles such as GCRs, which are known to be isotropically distributed in the
near Earth environment [Potgieter, 2013].

Figure 11: Left: GEANT4 simulation of a beam of 100 protons with 40 MeV in the EPHIN
detector. The orange and green semicircles represent the forward and backward
hemispheres, respectively; Right: 3D view of the same simulation.

17



18

MEASUREMENT TECHNIQUES

— P4 — pal
6r — P8  — Int |
— P25 Totall| |

i

N
T

Geometry factor / cm? sr
w

0 20 40 60 80 100
kinetic Energy / MeV

Figure 12: Energy dependent geometry factor of different coincidences for protons based
on GEANT4 simulations.

Using an isotropic particle source, the geometry factor of the EPHIN instrument
can be calculated by applying the different energy thresholds of the instrument

[Miiller-Mellin et al., 1995] for each coincidence channel to the simulated energy
losses in the detectors. A particle is considered detected if it deposits more en-
ergy in a detector than the required threshold. The geometry factor G can then
be calculated from the number of particles counted n¢ountea [Sierks, 1997, and
references therein] by

G= Teounted T Asource (19)

Nsimulated

with the total number of particles simulated ngimutatea and the area of the
source Agource from which particles are emitted. By simulating different par-
ticle types (e.g. electron, proton, helium) and various kinetic energies, energy
dependent responses can be calculated for every particle type.
In Fig. 12, the resulting response is shown for protons and different instrumental
channels. The channels P4, P8, P25 and P41 correspond to protons stopping in
the B, C, D and E detector, respectively. Above ~ 53 MeV, protons penetrate the
entire detector stack (i.e. detector A throughout F are triggered) and are counted
in the integral channel. The sum of the different channels, i.e. the response of the
instrument as a whole, is also presented.

The simulation results for the P4 channel are slightly below the theoretical es-
timate of GgpHin=5.1 cm? sr as derived in Section 3.2. An explanation for this
reduction is particle interaction in the material, especially scattering that can
change the direction of a particle such that the particle does not hit a detector
[Sierks, 1997]. The geometry factor of the P25 and especially the P41 are signifi-
cant lower than the results for the P4 and P8. However, the total response of the
instrument, i.e. the sum of all channels, remains constant since all channels fea-
ture finite responses even at higher energies, at which the particles are expected
to be counted in a deeper coincidence channel. This instrumental behaviour can
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Figure 13: Energy dependent geometry factor of different coincidences for protons based
on GEANT3 simulations (Fig. taken from Sierks [1997]).

be explained by the sketch of EPHIN shown in Fig. 8: Since the detectors C, D
and E have the same radii, the opening angle of telescope geometry is getting
smaller for the deeper coincidences, reducing the geometry factor. Particles with
a large incidence angle with respect to the axis of symmetry of the detector can
therefore also be detected in lower coincidences despite having an energy high
enough to penetrate deeper than the given coincidence since their trajectory ends
in the detector mounting rather than in the next detector.

The response functions in Fig. 12 are in agreement to previous GEANT3 simula-
tions done by Sierks [1997] presented in Fig. 13, however showing minor differ-

ences in the energy range below 4 MeV. While the computations by Sierks [1997]
show no particle detection below 4 MeV, the GEANT4 results indicate a small
response of the EPHIN instrument due to the production of & electrons (also re-
ferred as "knock-on electrons"). & electrons are created when a charged particle
passes through matter and "pulls out" the electron of the atom via coulomb inter-
action, providing the electron with sufficient energy to escape the potential well
of the atom [Skutlartz and Hagmann, 1983]. This process was not included in the
GEANT3 code but was introduced with the GEANT4 version, which could explain
the differences in the simulations.

Since protons above ~ 53 MeV are counted in the integral channel, EPHIN is in
principle sensitive to protons above this energy. The integral channel, however, is
also sensitive to electrons above 10 MeV and Helium particles above 55 MeV /nu-
cleon and since the particles deposit only a fraction of their total energy in the
detector, the dE/dx-E method (Sections 3.1, 3.2) can not be used to distinguish
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between the different particle types. Furthermore, in contrast to particles in the
stopping proton channels (P4, P8, P25 and P41) with their clearly defined di-
rectionality due to the anti-coincidence of both the F and G detector, particles
counted in the integral channel can enter the instrument from both directions
along the axis of symmetry. Since the SOHO spacecraft behind the instrument
represents a significant amount of shielding for the particles coming from this
direction, it is necessary to implement this material in the simulation as well.
For this purpose, it is useful to discuss the simulation individually for each of
the two hemispheres [see Kiihl et al., 2015¢c]. In the analysis of the simulation
results discussed in Chapters 4, 5 and 6, the simulations in these hemispheres
will be labelled as forward and backward for particles coming from the nominal
viewing direction and through the spacecraft, respectively, as indicated in Fig. 11.



3.4 PUBLICATION 1: EXTENDED MEASUREMENT CAPABILITIES OF THE ELEC-
TRON PROTON HELIUM INSTRUMENT ABOARD SOHO - UNDERSTAND-
ING SINGLE DETECTOR COUNT RATES

In addition to data of different coincidences between its detectors, the EPHIN in-
strument measures counts per minute for every single detector also individually
in order to identify the noise level of each detector. In Fig. 14 the temperature
of the instrument as well as the count rate for each of its detectors are shown
from 1995 till 2017. In the early mission phase, around 1997, the count rate of the
E detector increased from roughly thousand to more than a million counts per
minute due to noise and was therefore removed from all coincidence conditions.
A similar increase in noise can be found for the D detector since 2013. Further-
more, there is a clear correlation between the count rate of the first detector (A)
and the temperature of the electronic box of the instrument, which is determined
by the distance to the sun and hence the photon flux. This effect indicates a de-
pendence of the noise in detector A on the temperature and photon flux which
is not seen in the early phases of the mission due to the existence of shielding
kapton and titanium foils on top of the detector (see Fig. 8) which have degraded
over time.

Although these effects are interesting from an instrumental point of view, single
counter rates can be also utilized for scientific studies. The high statistics (up to
25000 counts/minute for the anti-coincidence of EPHIN, i.e. detector G) allow to
investigate small Forbush Decreases (FDs) [Richardson et al., 1996] and SEP events
can be easily identified by large and rapid increases in the count rate as is clearly
visible during solar maximum in Fig. 14. Furthermore, the count rates reflect the
solar modulation of GCRs (cf. Section 2.1) with an 11-year variation especially
pronounced for the detectors F and G. In the scope of this work, as a first appli-
cation, a study on stealth CMEs utilizing the single detector count rates has been
performed and published in Heber et al. [2015].

The measurements of the single counter have been analysed utilizing the ex-
pected GCR spectrum from the Force-Field Solution (FFS) (cf. Section 2.1) and the
energy dependent response of the detector F derived from GEANT4 simulations.
The results have been published in:

EXTENDED MEASUREMENT CAPABILITIES OF THE ELECTRON PrOTON HELIUM IN-
STRUMENT ABOARD SOHO - UNDERSTANDING SINGLE DETECTOR COUNT RATES

P. Kiihl, S. Banjac, B. Heber, J. Labrenz, R. Miiller-Mellin and C. Terasa, Central
European Astrophysical Bulletin, Vol. 39, p. 119-124 (2015)

Own contribution: 60 %
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Figure 14: Temperature of the EPHIN instrument as well as single counter count rates of
its detectors.

Short overview of the publication

A short introduction of the use of single counter rates is followed by a brief
introduction of the EPHIN instrument. In the results section, the energy depen-
dent response of the F detector is presented following its convolution with the
expected GCR spectra based on the FFs. The resulting expected count rates are
compared with the measured count rates of the EPHIN instruments on both, the
SOHO and Chandra spacecraft. The key findings of the publication are:

e detector F is mainly sensitive to ions above 50 MeV per nucleon with the
response function rising with energy

e the calculated count rate and its variations before 2006 and after 2011 are
in agreement with the measurements of both EPHIN instruments, aboard
SOHO and Chandra

e the count rates are underestimated between 2006 and 2011 (solar minimum,
A~ epoch) most likely due to the fact that the FFS neglects drift effects
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Abstract. Forbush (1937) was the first to observe intensity decreases lasting for a few
days utilizing ionization chambers. A number of studies on Forbush decreases (FDs) have
been performed since then utilizing neutron monitors and space instrumentation. The am-
plitude of these variations can be as low as a few %.. Therefore intensity measurements
need to be of high statistical accuracy. Richardson et al. (1996) suggested therefore to
utilize the single counter measurements of the guard counters of the IMP 8 and Helios
E6 instruments. Like the above mentioned instruments the Electron Proton Helium IN-
strument (EPHIN) provides single counting rates. During the extended solar minimum
in 2009 its guard detector counted about 25000 counts/minute, allowing to determine
intensity variations of less than 2% using 30 minute averages. We performed a GEANT
4 simulation of the instrument in order to determine the energy response of all single
detectors. It is shown here that their energy thresholds are much lower than the ones of
neutron monitors and therefore we developed a criterion that allows to investigate FDs
during quiet time periods.

Key words: Galactic Cosmic Rays - Forbush Decreases - Mesurements

1. Introduction

Galactic cosmic rays are energetic charged particles that are entering the
heliosphere from outside. On their way they are getting modulated by the
turbulent heliospheric magnetic field embedded in the expanding solar wind.
These variations occur on different timescales. Forbush Decreases (FDs,
Forbush, 1937; Hess and Demmelmair, 1937) are associated to the inter-
planetary counter part of coronal mass ejections (ICMEs) and Corotating
Interaction Regions (CIRs). Due to the limited geometric factor of the sci-
entific channels of most spacecraft instrumentation, FDs have been inves-

Cent. Eur. Astrophys. Bull. vol (2017) 1, 1 1
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Figure 1. Left: Sketch of the EPHIN sensor. Right: Response function of the single de-
tector F based on the GEANT 4 simulation.

tigated by means of neutron monitors (e.g. Belov et al., 2014). Richardson
et al. (1996) showed that single detector counting rates of spacecraft in-
struments, like Helios E6 (Kunow et al., 1977) or aboard IMP 8 (McGuire
et al., 1986), are suitable for FD analysis. In contrast to neutron monitors
spacecraft data suffer neither geomagnetic nor atmospheric variation (Pa-
paioannou et al., 2010) and are sensitive to energetic particles of lower ener-
gies. During quiet times their count rates are dominated by the variation of
galactic cosmic ray protons and alpha particles and follow the intensity-time
profile of >60 MeV /nuc. ions. In order to quantify the response function of
the single detectors of the Electron Proton Helium INstrument (EPHIN)
we present here the results of a GEANT 4 Simulation of the instruments
aboard the SOHO and Chandra satellite (section 3.1).

2. Instrumentation

Launched on December 2, 1995 and on July 23, 1999 the SOHO and Chan-
dra missions were successfully brought into orbit around L1 and in a highly
elliptical orbit around the Earth, respectively. While EPHIN is part of the
scientific payload aboard SOHO, its spare flight unit was mounted as a radi-
ation monitor on Chandra, providing real time information on the radiation
environment to the spacecraft allowing to turn off the cameras during the ra-
diation belt crossings and during large solar energetic particle events. While
the instrument on SOHO is still operating, data from the Chandra unit are

2 Cent. Eur. Astrophys. Bull. vol (2017) 1, 2
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only useful for periods for which the sensor temperature drops below 45° C.
Due to Chandra’s orbit with a perigee of 16,000 km and apogee of 139,000
kilometers the spacecraft spends only a fraction of time in interplanetary
space. However, both data sets are of unique value because of their potential
use for correlated space weather studies. As shown in Fig. 1 left the EPHIN
telescope aboard SOHO and Chandra consists of 6 semiconductor detec-
tors that are surrounded by a scintillation detector. During solar minimum
detector F has a counting rate of more than 10000 counts/minute.

3. Results
3.1. GEANT 4 SIMULATION

While being superior in terms of statistics and time resolution compared
to the coincidence channels, single counters do have the deficit of lacking
any direct information about the energy deposition of measured particles.
To account for this issue, one can exploit the fact that every single detector
is in a different position in the instrument and thus the shielding for every
detector due to the intrument and spacecraft structures differs, resulting in
different energy response functions for each detector.

To calculate the response functions, a GEANT4 Monte Carlo simulation
(Geant4-Collaboration, 2003) of the EPHIN instrument has been set up
including not only the detectors but also the instrumental structures. To
account for the shielding effect of the spacecraft, an aluminium block is
added behind the instrument. The thickness of the block was chosen to be
10 c¢m as this is the approximated mass equivalent of aluminium based on
the spacecraft total mass and dimension. Results for forward (isotropic par-
ticle source in front of the detector) and backward (isotropic particle source
behind the detector and the spacecraft/aluminium block) incident particles
are presented individually and compared to an omnidirectional isotropic
flux. In Fig. 1 right, the response function derived from the simulations is
shown for detector F. In detail, results for protons (red), helium (green) and
electrons (blue) emitted by forward (triangles), backward (circles) and om-
nidirectional (squares) particle sources are presented. Based on the plot, it
is evident that detector F is sensitive for ions above a threshold of 50 MeV.
Due to the importance of scattering and production of secondaries for high
energy particles, the response function of the detector rises with energy and

Cent. Eur. Astrophys. Bull. vol (2017) 1, 3 3
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Figure 2: Measured and derived (force field solution folded with detector response) quiet
time counting rates of the single detector F. Note, that the count rate of Chandra and
the simulated count rate are multiplied with a factor 0.88 and 1.2, respectively

increases even above the geometry factor (G = 157 cm? sr for each hemi-
sphere, G = 2. G = 314 em? sr for omnidirectional flux (based on
Sullivan, 1971)). This effect is especially present for helium (above ~ 400
MeV /nuc) compared to protons (above = 2000 MeV).

3.2. COMPARISON TO IN-FLIGHT DATA

Due to the harsh conditions single detector rates for detectors A and G
are not available from Chandra anymore. In order to determine quiet time
conditions (i.e. timeperiods without solar energetic particle events (SEPs))
the same way for both instruments, single counting rates of detector F are
analyzed. Due to the solar activity cycle, we expect the highest quiet time
counting rate to occour during solar minimum in 2009. Furthermore, the
influence of SEPs is neglectable in this year and hence, the entire year can
be considered to be quiet time. For SOHO/EPHIN we derived an average
of Co009 = 434 counts/minute and o9909 = 23 counts/minute. In order to
determine the counting rates during quiet times for any given timeperiod,
the mean value of the counting rate distribution only taking into account
counting rates below ¢, < o009 + 4 - 02009 = 526 counts/minute is calcu-
lated. Daily averaged quiet time count rates of detector F on SOHO (black
curve) and Chandra (red curve) are displayed in Fig. 2. The count rate of
detector F on Chandra is about 10% larger than the one aboard SOHO. The
most probable reason for this is the different mass of the satellites and the

4 Cent. Eur. Astrophys. Bull. vol (2017) 1, 4
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corresponding shielding. However, normalizing both in 2009 close to solar
minimum we find a good agreement between both detectors for the whole
period from 1999 to 2012. The modulation amplitude % is about
60% from solar minimum in 2009 to solar maximum in 2000,/2001.

For further interpretation of the data, we followed the Ansatz by Caballero-
Lopez and Moraal (2012) that is used to explain neutron monitor mea-
surements during different latitude scans. In order to utilize the response
functions R(E) as yield functions we need to know the galactic cosmic ray
spectra [(F) at Earth for all periods of interest for different nuclei. A com-
mon approach to estimate the spectra for protons and helium is to apply the
force field solution given by Usoskin et al. (2011). As described by Caballero-
Lopez and Moraal (2012) the contribution of carbon and heavier nuclei can
be accounted for when multiplying the helium spectra with a factor of 1.3.
These spectra are then folded with the response functions. The result of
folding is a count rate that is by 20% smaller than the measured counting
rates. The green curve in Fig.2 shows the resulting count rate multiplied by
1.2. From the figure it is evident that the count rate of our simple model
tracks the observed measurement aboard SOHO and Chandra very well for
the period from 1997 to 2006. A strong deviation is observed from 2006
to 2011 during the last solar minimum. Since the modulation cycle is con-
nected with the 22-year Hale cycle and not the 11-year sunspot cycle the
1997 and 2009 solar minima differ by the solar magnetic epoch. It is well
known that the force field solution does not take into account drift effects
that lead to the alternating peaked and flat time profiles observed during al-
ternating solar minima. But not only the shape of the time profiles but also
the shape of the energy spectra differ significantly leading to higher count
rates at neutron monitor energies during an A<0-solar magnetic epoch in
2009 than in an A>0-solar magnetic epoch (1997). The opposite is true for
energies below a few GeV (Potgieter et al., 2001). Due to this effect it is not
a surprise that the modulation parameter derived from the neutron moni-
tor network underestimates the modulation potential during an A<0-solar
magnetic epoch.

4. Summary and conclusion

Single detector measurements from EPHIN aboard SOHO and Chandra can
be understood by deriving the response function as a function of energy.

Cent. Eur. Astrophys. Bull. vol (2017) 1, 5 b)
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The geometric factor for the single detector at about one GeV is in good
agreement with the geometrical values. When folding the response function
with the force field solution with different modulation potentials as given
by Usoskin et al. (2011) the measured amplitude from solar minimum to
maximum of about 60% during an A>0-solar magnetic epoch is reproduced.
Thus the quiet time single detector counting rates of the EPHIN detectors
F aboard SOHO and Chandra can be used as proxy for the modulation.
Furthermore, they allow the analysis of small scale variations on short time
scales thanks to very high count rate statistics. Variation of less than 1%
and 1% can be investigated on the basis of 1 minute and 2 hour averaged
count rates, respectively. From that point of view these detectors are ideally
suited to analyze Forbush decreases. However, their response to particles of
lower energies make them sensitive to solar energetic particle events masking
the effects of the subsequent Forbush decrease.
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EXTENSION OF THE EPHIN ENERGY RANGE

In order to understand the chain of physical processes from the acceleration
of Solar Energetic Particles (SEPs) at or near the Sun to their injection into and
their transport in the interplanetary medium, it is important to measure their en-
ergy spectrum near Earth (see Section 2.2). While a large number of space-borne
instruments provide these measurements at intermediate energies (up to sev-
eral tens of MeV), precise observations at higher energies have become available
only recently with instruments like PAMELA and AMS. In contrast, the Electron
Proton Helium Instrument (EPHIN) aboard the Solar and Heliospheric Observa-
tory (SOHO) has a nominal energy range for protons from 4 MeV up to 53 MeV
and spectral information above 53 MeV is difficult to consider for SEPs.

To overcome this limitation, a method to extend the proton energy range of EPHIN
has been developed in this thesis. The aim of this method is to derive the proton
spectrum for protons above 53 MeV that penetrate the entire instrument based
on the measured energy losses in the detector stack. In order to achieve this, the
particle type (e.g. mass and charge of the particle) as well as the kinetic energy of
the detected particles have to be derived. For this purpose, a GEANT4 simulation
(cf. section 3.3) has been set up in order to investigate the response of EPHIN to
particles with energies above the nominal energy range.

One of the results of the simulations is the most likely energy loss in the instru-
ment as a function of the type and energy of the particle as shown in Fig. 15. It
can be concluded that energy losses between 0.4 and 1.5 keV/um (marked by the
shaded range) are almost solely caused by protons. Hence, for this energy losses,
an identification of the type of the particle is not necessary. Furthermore, there is
a clear functional relation between kinetic energy and the resulting energy loss
(see Section 4.2 for a derivation). With this relationship, the most likely kinetic
energy can be derived based on the measured energy losses, allowing to derive
proton energy spectra.

The method and first results have been described and published in:

PROTON INTENSITY SPECTRA DURING THE SOLAR ENERGETIC PARTICLE EVENTS OF
MAY 17, 2012 AND JANUARY 6, 2014

P. Kiihl, S. Banjac, N. Dresing, R. Goméz-Herrero, B. Heber, A. Klassen and C.
Terasa, Astronomy & Astrophysics, Volume 576, id. A120, 9 pp. (2015), DOL:
10.1051/0004-6361 /201424874

Own contribution: 8o %
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Figure 15: Simulated kinetic energy of protons (red), helium (green) and electrons (blue)
as a function of the resulting energy loss in EPHIN. Figure taken from Kiihl
et al. [2015a].

Short overview of the publication

An introduction of SEP events and EPHIN is followed by a detailed description
of GEANT4 simulations of the instrument and their results. Based on these find-
ings, a method to derive proton spectra above 50 MeV has been developed and is
presented including a discussion on several issues such as backward penetrating
particles. An estimation of the uncertainties for spectra during SEP events is per-
formed before the method is applied for the May 17, 2012 and January 6, 2014
SEP events. For the first event, a comparison with PAMELA results [Bazilevskaya
et al., 2013] has been performed as validation. Both events and the differences
between the proton spectra are discussed with respect to findings from Thakur
et al. [2014], who claimed that the later event should also be considered to be a
GLE. The key findings of the publication are:

e EPHIN is capable of measuring the proton energy spectrum from 50 MeV
up to 1 GeV during SEP events

* particles penetrating the SOHO spacecraft and EPHIN from behind can cause
misleading energy losses in the detector

¢ the uncertainties in the proton spectra caused by these backward particles
and by helium particles can be neglected during SEP events

¢ whether or not a SEP event is detected by multiple ground-based obser-
vatories such as NMs does depend on both, the spectral properties of the
event and the viewing direction and cut-off rigidity of the available ground
stations
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ABSTRACT

Context. Ground-level enhancements (GLEs) are solar energetic particle events that show a significant intensity increase at energies
that can be measured by neutron monitors. The most recent GLE-like events were recorded on May 17, 2012 and January 6, 2014.
They were also measured by sophisticated instrumentation in space such as PAMELA and the Electron Proton Helium INstrument
(EPHIN) onboard SOHO. Since neutron monitors are only sensitive to protons above 400 MeV with maximum sensitivity at 1 to
2 GeV, the spectra of such weak GLE-like events (January 6, 2014) can only be measured by space instrumentation.

Aims. We show that the SOHO/EPHIN is capable of measuring the solar energetic particle proton event spectra between 100 MeV
and above 800 MeV.

Methods. We performed a GEANT Monte Carlo simulation to determine the energy response function of EPHIN. Based on this
calculation, we derived the corresponding proton energy spectra. The method was successfully validated against previous PAMELA
measurements.

Results. We present event spectra from EPHIN for May 17, 2012 and January 6, 2014. During the event in May 2012, protons were
accelerated to energies above 700 MeV, while we found no significant increase for protons above 600 MeV during the event on

January 6, 2014.

Key words. instrumentation: detectors — Sun: flares — Sun: coronal mass ejections (CMEs) — solar-terrestrial relations —

space vehicles: instruments

1. Introduction

Forbush (1946) reported the first solar energetic particle (SEP)
event that is now called a ground-level enhancement (GLE).
These events are produced when ions with energies above sev-
eral hundred of MeVs create a nuclear cascade in the Earth at-
mosphere. As a consequence, detectors at ground level measure
an increase above the galactic cosmic-ray background (GCRB).
Since then, 71 GLEs have been reported that exceed the GCRB
by barely a few percent. The largest measured increase of
about 4500% above the GCRB was observed during GLE 5 on
February 23, 1956 (Reames 2013). During solar cycle 24, only
the event on May 17, 2012 was unambiguously measured by
more than one neutron monitor. In addition to understanding the
physics of GLEs, that is, the acceleration process, the recent pa-
per by Thakur et al. (2014) claimed that the event on January 6,
2014 was GLE 72 and sparked a discussion on the definition
of a GLE (Usoskin, priv. comm., see also www.nmdb.eu). The
question of the definition whether a solar energetic particle event
is recorded as a GLE or not depends on several factors; the
measurement capabilities at ground level for magnetic and at-
mospheric cutoff rigidities, for instance, need to be lower than
one GV. To overcome this situation, it would be better to rely
on spacecraft measurements outside the Earth magnetosphere.
Here we show that the Kiel Electron Proton Helium Instrument
(EPHIN, Miiller-Mellin et al. 1995) oboard the SOHO spacecraft

Article published by EDP Sciences

can indeed provide such energy spectra for selected particle
events.

On May 17, 2012 at 01:25 UT, the NOAA active re-
gion 11476, located at N11W76, produced a class M5.1 flare
(Gopalswamy et al. 2013; Shen et al. 2013). Around 01:50 UT,
the worldwide network of neutron monitors' detected the first
ground-level enhancement in solar cycle 24. The energy spec-
tra as measured by the payload for antimatter-matter exploration
and light-nuclei astrophysics (PAMELA; Picozza et al. 2007)
have been reported by Bazilevskaya et al. (2013), indicating that
protons with energies of up to one GeV and helium of up to
100 MeV/nucleon were accelerated during that event.

On January 6, 2014 STEREO A and B detected a flare in the
extreme ultraviolet (EUV) at 7:30 UT with a double maximum at
7:55 UT and 8:15 UT that occurred 25 degree behind the western
limb as seen from Earth. The event was associated with a coro-
nal mass ejection (CME) and an EUV wave. Type II and III ra-
dio bursts were recorded by measurements on ground as well as
in space. Eleven one-minute running-mean averages exceed the
pre-event distribution at the South Pole neutron monitor and the
bare counter at about 8:10 UT, which agrees well with the GOES
observations (Thakur et al. 2014). Note that Thakur et al. (2014)
reportet an onset time of 7:58 UT, indicating the uncertainty of
different methods to determine the event onset. Since we did not

' http://www.nmdb.eu/
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Fig. 1. Left: sketch of the EPHIN instrument. Right: instrument as modeled in the GEANT4 simulations including a beam of 100 electrons (5 MeV,
red) as well as gamma secondaries (green). Note that the detailed housing shown in the left sketch is also included in the GEANT4 model. It is not

shown here for greater clarity.

find any statistically significant intensity increase (above 40-) for
other neutron monitors such as Tixie Bay or McMurdo, it is an
open question whether this event can be defined as ground-level
enhancement number 72. To make significant progress here, it is
essential to know the particle, that is, the proton energy spectra
above the atmosphere. In this paper, we present a new method
for extending the measurements capabilities of SOHO/EPHIN
into the energy range from ~100 MeV to above 800 MeV for
protons.

2. GEANT 4 simulation of the Electron Proton
Helium Instrument

The Electron Proton Helium INstrument (EPHIN, Miiller-Mellin
et al. 1995) is part of the Comprehensive Suprathermal and
Energetic Particle Analyzer (COSTEP) instrument suite on-
board the Solar and Heliospheric Observatory (SOHO). SOHO
was launched in December 1995 and has an orbit around the
Lagrangian point L1. Figure 1 (left) shows a sketch of the instru-
ment, which consists of six solid-state detectors (labeled A—F)
enclosed in a scintilator that acts as anticoincidence (G). The
measurements of EPHIN rely on the dE/dx—FE method, which
yields count rates for different ranges in the silicon detector
stack. As described by Miiller-Mellin et al. (1995), different ions
and even isotopes can be identified based on the energy deposi-
tion in the first detector AE, and the sum of the energy deposi-
tions E in all detectors. In addition to the total counts of these
different coincidence conditions, energy losses in each detector
are available for a statistical sample of individual particle tracks,
allowing a detailed analysis of the measured particles including
the calculation of energy spectra for electrons up to ~10 MeV
and ions up to =50 MeV/nucleon.

In addition, the instrument allows measuring penetrating
particles that are combined in an integral channel. It is more
challenging to calculat the energy for these particles because the
total energy of the particle and the particle type are a priori un-
known. Furthermore, the coincidence condition for penetrating
particles can also be fulfilled by particles entering the instrument
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Fig. 2. Minimum of the energy loss in detectors C and D as a function
of the total energy loss seen in the instrument in December 2009. The
expected tracks for backward-penetrating particles (protons, deuterium,
and helium) are marked. For details see text.

from behind. However, the statistical sample of energy losses
does include penetrating particles. Based on these data, Fig. 2
displays the minimum energy loss per path length in detectors
C and D (i.e., min(dE./b.,dE4/bq) with dE, energy loss in de-
tector x and b, the thickness of the detector) as a function of
the total energy loss seen in the detector stack for the Galactic
cosmic-ray background (data from December 2009). The tracks
for backward-penetrating protons, deuterium, and helium have
been identified and marked based on the Bethe-Bloch equation.
These tracks merge with the tracks of forward-penetrating parti-
cles along the diagonal, and thus a separation between forward
and backward penetrating particles is only possible in a limited
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Fig. 3. Simulation results of the energy losses for electrons, protons, and helium particles. Note the different color scales for electrons and ions.
For a colored version of the plot, we refer to the online version of this article.

energy range. Furthermore, backward-penetrating particles have
to pass the spacecraft, which acts as an additional shielding, and
thus the energy threshold of forward- and backward-penetrating
particles differs substantially.

To address these problems, a GEANT4 Monte Carlo sim-
ulation that considers various processes such as electromag-
netic and hadronic interaction of particles in matter and the
production of secondary particles has been set up (GEANT4
Collaboration 2006, version 4.9.6.2). Different calculations for
forward- and backward-penetrating particles were performed
separately. Figure 1 (right) displays the instrument as it is imple-
mented in the GEANT4 simulation (see also Bohm et al. 2007)
with typical particle tracks calculated in the simulation. Shown
are results for 5 MeV electrons (red trajectories) that scatter in
the detector stack and produce secondary gamma rays (green).
Since our focus is on solar energetic particle events that may be
considered to be a GLE but are only recorded at neutron mon-
itors with cut off rigidities below 2 GV, energies above 1 GeV
per nucleon for ions and 100 MeV for electrons are not con-
sidered because it is unlikely that they are accelerated in these
events. The assumed upper limit chosen for protons was con-
firmed for the event in May 2012 by Bazilevskaya et al. (2013),
and since the event in January 2014 was observed by fewer neu-
tron monitors with the lowest rigidity cutoff, its highest energy
can be considered to be even lower. The upper limit for electrons
is based on observations by Moses et al. (1989). The lowest en-
ergy that was simulated is defined by the necessary energy of a
particle to penetrate the entire instrument (Miiller-Mellin et al.
1995). Thus, we chose energies ranging from 50 MeV/nucleon
to 1 GeV/nucleon for ions and from 10 MeV up to 100 MeV
for electrons. Since no detailed information regarding the real
mass distribution of the s/c is available, the shielding was esti-
mated to be equivalent to 10 cm of aluminum based on space-
craft mass and geometry. Below we discuss the modeling results
for forward- and backward-penetrating particles separately. This
is realized by two simulations featuring a half-sphere located in
front of and behind the instrument. Particles are then emitted
equally distributed in angles over the half-sphere.

2.1. Forward-penetrating particles

Here we describe the results of the GEANT4 simulations using
particles that incite the detector stack from the front. To cover the

energy space with the same probability, the intensity was chosen
to be constant over energy. A year after the launch of SOHO,
one of the detectors, detector E, started to become noisy, there-
fore it was decided to remove the detector from the coincidence
logic as described in Miiller-Mellin et al. (1995). Figure 3 shows
from left to right the minimum of the energy depositions per path
length of detectors C and D versus the total energy registered in
the instrument for electrons, protons, and helium particles. The
color of each dot represents the particle energy in the simula-
tion as indicated by the color bars on the right. The minimum
of the energy loss per path length of detectors C or D was used
to reduce the influence of scattering. In the figure, two different
particle tracks can be identified for the ions. The main popula-
tion with higher total energy deposition is based on particles that
deposit energy in every detector A—F, while the second track is
caused by particles that pass through the detectors A—D and F,
without energy deposition in detector E. From Fig. 1 it is obvious
that only a small fraction of penetrating trajectories can miss de-
tector E without hitting the anticoincidence. Furthermore, Fig. 3
indicates that the measured energy in detectors C and D is not
affected by these trajectories because the energy losses in C and
D at a given energy (color-coded in the figure) are the same for
both tracks. Therefore we used the minimum of the energy loss
per path length in C or D throuhgout instead of the total energy
deposition E.

From Fig. 3 it is evident that there are overlaps of the pro-
ton signatures with both the electron and the helium signatures
above or below the dashed lines, respectively. Since an inde-
pendent particle identification is not possible, the proton spectra
are contaminated by electrons and helium at low and high ener-
gies. In the intermediate region with energy depositions between
0.4 keV/um and 1.5 keV/um such contaminations are unlikely.

To explore the energy range that corresponds to that energy
depositions, histograms of the energy deposition for different
particles are presented in Fig. 4. The proton energies of 100 MeV
and 800 MeV are chosen such that the mean of the energy loss
distributions is clearly contained in the limits of 0.4 keV/um and
1.5 keV/um. Because the electron energy only slightly affects the
energy depositions (see Fig. 3), the energy was chosen arbitrar-
ily as 20 MeV. For the helium particles, an energy of 1 GeV per
nucleon was selected because these high energies result in the
smallest energy depositions per path length. The figure shows
that energy depositions between 0.4 keV/um and 1.5 keV/um are
mainly caused by protons in the energy range between 100 MeV
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Fig. 4. Histogram of the energy deposition for electrons, protons, and
helium particles based on mono-energetic simulations.
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Fig. 5. Simulated kinetic energy of the particles as function of the result-
ing energy deposition in the detector. Simulation results for forward-
penetrating electrons (triangle, right axes), protons (squares), and he-
lium particles (circles) are shown. In addition, calculations based on the
Bethe-Bloch equation (dashed lines) and fit results (solid lines) for the
ions are presented. The shaded area marks energy losses that are most
propably caused by protons.

and 800 MeV. Since lower and higher energy depositions can
only be caused by electrons or helium particles, respectively, the
derived proton spectrum based on the method described in this
work is limited to these energies.

Furthermore, the energy loss distributions for all particles
tend to have a Gaussian shape, and hence the mean value and the
standard deviation of the distributions can be used to facilitate
the analysis further. Because we are interested in reconstructing
the total energy of a particle based on the energy deposition,
the simulated energy is shown as a function of the resulting en-
ergy deposition in Fig. 5. The figure shows in agreement with
Fig. 4 that the main contribution of energy depositions between
0.4 keV/um < % < 1.5 keV/um (marked by the shaded area)
is made by protons with energies between 100 MeV S E S
800 MeV (indicated by dashed-dotted lines).

To calculate the total energy of the measured particles based
on the energy depositions, inversion methods have often been
used in the past (compare Bohm et al. 2007). Before applying
such sophisticated mathematical methods, we start with a simple
procedure based on the results above. Our approach is supported
by the fact that the response function in the energy range of
interest does not depend on energy (black curve in Fig. 6) and
an analytic relation between energy deposition and total energy
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Fig. 6. Geometry factors for forward- and backward- (10 cm aluminum
shielding) penetrating protons.

can be expressed by a fit, as presented in Fig. 5. The function
reads

E=a+b/(dE -0), M

where E is the kinetic energy of the measured particle (in MeV
per nuc.), dE (in MeV) corresponds to the energy deposition in
the detector elements and a, b, ¢ are variables. This function is
motivated by the Bethe-Bloch equation with parameters a and
¢ added to take relativistic corrections into account. Fitting this
function to the simulation results for protons as shown in Fig. 5
defines the parameter to

a = 4.65+ 1.06,
b =109%10" +8.81 x 10™* and
¢ =274x107 £1.05%x 107,

With this function, the total energy of penetrating protons in the
given energy range can be derived. Based on the measured en-
ergy loss data, this results in a histogram of the total energy that
can be converted into a spectrum exploiting the instrument ge-
ometry factor and considering the ratio of the total counts to the
size of the statistical sample.

2.2. Backward-penetrating particles

A GEANT4 simulation as presented above was also performed
for backward-penetrating particles by including an approxi-
mated shielding by the spacecrafts body of 10 cm aluminum be-
hind the instrument. Particles were injected from a half-sphere
behind the aluminum layer.

Figure 7 presents the simulation results for backward-
penetrating particles. Similar to the forward-penetrating parti-
cles, two particle tracks can be identified for ions as some of
them may miss detector E (see Fig. 3). For electrons, the shape
of the energy-loss distribution does not change, and therefore,
like forward-penetrating electrons, they do not contaminate the
energy-loss histogram in the considered ranges.

For the ions, however, differences between forward and
backward results occur. Regarding the total energy of the par-
ticles, energy loss is caused by backward-penetrating particles
with higher energy than the energy loss caused by forward-
penetrating particles. This effect can be explained by the fact that
particles coming from behind the instrument have to penetrate
the shielding and therefore will reach the instrument with only a
fraction of their initial energy. The calculated geometry factors
shown in Fig. 6 for backward- and forward-penetrating protons
support this explanation. While protons need to have a kinetic
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Fig. 7. Simulation results of the energy losses for backward-penetrating electrons, protons, and helium particles with 10 cm of aluminum shielding.
Note the different color scales for electrons and ions. For a colored version of the plot, we refer to the online version of this article.
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Fig. 8. Histograms of the energy deposition for backward-penetrating
helium particles and protons with different energies. Above 300 MeV
per nucleon, a population of secondary protons is clearly visible.

energy of ~50 MeV to trigger the integral channel when com-
ing from the front of the detector, backward-penetrating protons
need to have at least ~200 MeV to do so. This effect is confirmed
by the energy loss histogram of 200 MeV backward-penetrating
protons presented in Fig. 8: the distribution shows similar energy
losses as for the 50 MeV forward-penetrating protons (Fig. 4).
Furthermore, backward-penetrating ions can cause higher en-
ergy depositions in detectors C and D than forward-penetrating
ions. This is because detectors A and B have a different material
thickness (450 pm) than detectors E and F (5500 pm).

The results for helium do not only differ in terms of their
total energy as a result of the shielding effect, but also in the dis-
tribution of energy losses in general. In contrast to the forward-
penetrating helium, backward-penetrating helium can cause en-
ergy losses below the threshold, indicated by the dashed line, in
a significant amount. The histograms of the energy deposition
presented in Fig. 8 indicate that in addition to the expected high
energy losses, a second distribution at typical energy losses of
protons is caused by these backward-penetrating helium parti-
cles. The contamination of these secondaries starts to rise above
energies of 300 MeV per nucleon of the primary helium parti-
cle. According to the simulation, these energy depositions are
secondary protons created by helium particles in the shielding
that then enter the instrument.
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Fig.9. Simulated kinetic energy of the particles as a function of the
resulting energy deposition in the detector. Energy deposition in the de-
tector based on the kinetic energy of the particle. Simulation results for
forward- (filled) and backward- (open) penetrating electrons (triangle,
right axes), protons (squares), helium particles (circles), and secondary
protons (diamonds) are shown. In addition, calculations based on the
Bethe-Bloch equation (dashed lines) and fit results (solid lines) for the
ions are presented. The shaded area marks energy losses that are most
probably caused by protons.

2.3. Combined signals and error estimations

In Fig. 9 the results from the backward simulations are
summed as open symbols in addition to the results of the
forward-penetrating simulations (filled symbols). Note that sec-
ondary protons created by primary helium distributions are
presented individually. The figure indicates that backward-
penetrating protons mimic forward-penetrating protons with
lower energies, resulting in errors in the spectrum calculated by
the method described above. However, as solar events are known
to have soft spectra whose intensity quickly decreases with in-
creasing energy (Mewaldt et al. 2012), low-energy protons are
more likely than particles with higher energies that mimic them.
To illustrate this point, Fig. 10 shows the energy-loss histograms
for forward- and backward-penetrating protons resulting from
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simulations based on a power-law spectrum I(E) = I - (E%) i
with a spectral index of y = 3 as typically observed during so-
lar events (excluding the time during the onset of the events,
see Mewaldt et al. 2012). The range of energy losses taken into
account for the spectrum calculated is marked by shading. The
figure shows that under the considered circumstances the high-
est contribution of backward-penetrating protons occurs at low
dE/dx and is in the order of 20%. At higher energy losses, the
contribution is substantially lower (down to 2%) because of the
shielding of the spacecraft.

In addition to the proton results, Fig. 10 presents energy-loss
histograms for forward- and backward-penetrating helium (in-
cluding the produced secondary protons) with similiar spectral
shape and an assumed flux ratio He/p = 10%. This flux ratio is
a reasonable worst-case scenario based on ERNE measurements
(Torsti et al. 1995), which we examined for the time periods of
the events?. From the figure, it is obvious that the influence of
helium particles is negligible as these particles only account for
~1% of the total counts, while up to ~20% of the counts are
caused by backward-penetrating protons.

Based on this analysis, we conclude that the maximum sys-
tematic error of the intensity can be approximated to be 20%.
Furthermore, the majority of the counts during time-periods
with steep spectra are caused by forward-penetrating particles.
Hence, we apply the geometry factor for forward penetrating
protons as displayed in Fig. 6 for the spectrum calculations in
the following sections.

3. Application to SEP events

In this section we apply the described procedure to two events
observed on May 17, 2012 (GLE 71) and January 6, 2014. To
validate our method, the spectrum for the GLE 71 is compared
to PAMELA results.

3.1. Eventon May 17, 2012

On May 17, 2012 at 01:25 UT, the NOAA active region 11476,
located at N11W76, produced a class M5.1 flare. Around
01:50 UT, the worldwide network of neutron monitors® detected
the first ground-level enhancement in solar cycle 24. Relativistic
electrons measured by EPHIN started to rise at 1:51 UT and
triggered the Relativistic Electron Alert System for Exploration

2 Data accessible at http://www.srl.utu.fi/projects/erne/
erne.html

3 http://www.nmdb.eu/
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(Posner et al. 2009). The event was detected by a few neutron
monitor stations, with the strongest signal detected at the South
Pole. Count rates of the Neutron Monitors Apatity and South
Pole and the EPHIN intensity measured by the integral channel,
25-50 MeV protons and relativistic electrons, are displayed in
Fig. 11 left. While the duration of the event as recorded by the
neutron monitors is a few hours, the intensity time profile of the
EPHIN measurements remained above background for several
days. As a result of SOHO commanding, no data were available
after 7:00 UT.

Remote-sensing observations from the terrestrial point of
view and from STEREO have been extensively discussed by
Gopalswamy et al. (2013) and Shen et al. (2013). Gopalswamy
et al. (2013) noted that the M5.1 flare started, peaked, and ended
at 01:25, 01:47, and 02:14 UT, respectively. A metric type II
radio burst was reported at 01:32 UT. The coronagraphs on
STEREO A and on SOHO first observed the CME at 01:40 UT
and 01:48 UT. The event onset time for near relativistic protons
was between 1 : 43 UT < fg, < 2:00 UT (see also Papaioannou
et al. 2014). The energy spectra as measured by PAMELA
(Picozza et al. 2007) have been reported by Bazilevskaya et al.
(2013) and indicate that protons with energies of up to 900 MeV
and helium of up to 100 MeV/nucleon have been measured by
PAMELA.

Figure 11 right shows the pre-event GCR background (May,
16: 0:00-24:00 UT, black diamonds) and the event spectra for the
GLE71 on May 17, 2012 (03:00-05:00 UT, red squares) mea-
sured by SOHO/EPHIN as calculated by the method described
in Sect. 2. While the background spectrum shows artifacts, the
background-subtracted event spectrum does not show any instru-
mental features. The artifacts in the background spectrum below
~100 MeV correspond to energy losses 1.5 keV/um, which are
caused by high-energy helium particles. In the event spectrum,
this contamination disappears because of the spectral shape and
the low helium-to-proton ratio (compare Sect. 2.2).

To compare them with the EPHIN intensities, the values
provided by Bazilevskaya et al. (2013) for the time period
03:39-03:49 UT are also shown in Fig. 11 right (blue circles).
Note that our method is applied to a longer timeseries than
the PAMELA spectrum because the temporal resolution of our
method is limited for statistical reasons. While the intensities
agree perfectly at energies above 300 MeV, they differ by less
than two sigma at lower energies. It is important to note that the
spectral slope as well as the overall magnitude agree reasonably
well, and therefore, regarding the simplicity of our method com-
pared with the complex instrumentation, the results are promis-
ing. Therefore, we also applied the method to the event on
January 6, 2014.

3.2. Event on January 6, 2014

The SEP event on January 6, 2014 was associated with a flare
that occurred 25 degrees behind the western limb at coordinates
S15W115, a broad CME with angular width >200 degrees, and
a large EUV wave.

The EUV flare and the dome-shaped EUV-wave (Warmuth
2007) were clearly observed by both STEREO spacecraft and
the SDO. The spacecraft constellation as well as the magnetic
connectivity to the flare location is displayed in Fig. 12. The
flare starts at 07:30 UT, showing a double maximum at 07:55
and 08:15 UT, and was accompanied by a coronal and IP type II
radio burst as observed by CALLISTO and IZMIRAN (onset at
07:43 UT at >400 MHz), and SWAVES, respectively. The flare-
associated type III radio bursts occur simultaneously with and
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Fig. 12. Location of the flare (indicated by the arrow) with respect to
the spacecraft constellation. The flare location was determined from the
STEREO A image.

during the coronal/IP type II burst and were detected only at
SWAVES at <16 MHz, suggesting that the type III generating
electrons were accelerated and/or injected into the IP space by
the propagating shock. Therefore it is plausible to assume that
the type II/III bursts onset around 07:43 UT is the injection time
of SEPs into IP space. The broad CME is discussed by Thakur
etal. (2014). The associated in situ IP shock was detected at STA
at 17:05 UT on January 8, but no in situ signatures were detected
at STEREO B or at SOHO and ACE.

Figure 13 left displays the particle intensity time-profiles
during the time period from 6 UT to 16 UT. In the lower panel,
five-minute averages of the count rate of the South Pole neu-
tron monitor are shown. The intensity of these particles re-
mains above the Galactic cosmic-ray background from ~8 to
~10:45 UT, and the maximum intensity increase is ~2%. In com-
parison to the neutron monitor, the middle panel displays the
intensity time-profiles of near relativistic electron as measured
by SOHO/EPHIN and ACE/EPAM. The energy range of EPHIN

and EPAM are 250 to 700 keV and 175 to 315 keV, respectively.
The speed of these electrons is similar to that of the protons that
caused the increase in the neutron monitor count rates. From
the ACE measurements we found an onset time at 8:10 UT.
Unfortunately, SOHO/EPHIN has a data gap during the event
onset, with the first data available at 8:43 UT. The upper panel
displays the time profile of the integral channel (black curve)
and of 25 to 50 MeV protons (red curve). Marked by shading
is the time from the beginning of data transmission at 8:43 to
10:45 UT, that is, the time period the neutron monitor count rates
are higher than the GCR background.

The proton event spectrum is displayed in Fig. 13 right
together with a background spectrum that was calculated for
January 3, 2014. The GCR background spectrum again shows
the contamination of relativistic helium at lower proton energies
followed by a flat spectrum that is expected from the contribu-
tion of forward- and backward-penetrating protons. The event
spectrum is characterized by a power-law-like distribution, with
an increase of about two orders of magnitude below 100 MeV
and a factor of 5 at 500 MeV with respect to the pre-event back-
ground. Above 500 MeV, the intensity values show a trend to
be higher than the background, but the values are statistically
limited. We were able to compare the GLE 71 spectrum with
PAMELA measurements, but no proton spectra for this event
are available to us. Thus it is important to discuss the potential
influence of different components on our results. Relativistic he-
lium is one of the components that may alter the result. If we
assume as a worst case 10% for the helium-to-proton ratio, the
calculated proton spectra above 700 MeV rule out a major con-
tribution of helium. Electrons may alter the proton spectrum at
higher energies. Since the contribution of electrons to the proton
spectrum shows no strong energy dependence, a flattening of the
calculated spectrum above 500 MeV is expected (see Fig. 9).
Assuming a power law for the proton spectrum, the contribution
of backward-penetrating particles should flatten the spectrum.
However, as discussed above, the contribution of all these ad-
ditional components is expected to be minor for solar energetic
particle events (see Fig. 10).

From the flattening of the spectrum above 600 MeV, we
conclude this spectral roll-over energy to be the highest energy
to which particles are accelerated in the event. This finding is
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Fig. 13. Left: time profile of the event on January 6, 2014. We present the integral channel and protons measured by SOHO/EPHIN (fop), electrons
measured by SOHO/EPHIN and ACE/EPAM (middle), and neutron monitor count rates. The dashed lines indicates the injection time of SEPs into
IP space (07:43 UT). Right: calculated GCR background (black diamonds) and background-subtracted event spectum (red squares).

supported by the fact that no statistically significant increase
above the background is observed above this energy (i.e., the
higher energy bins of the event and the background spectrum
agree when the error bars are taken into account). This finding is
supported by GOES measurements, which only show a weaker
increase in intensity above 700 MeV compared to significant in-
creases between 400 and 700 MeV (see Fig. 1a in Thakur et al.
2014).

4. Summary and discussion

Ground-level enhancements are solar energetic particle events
that show a significant intensity increase at energies that can be
measured by ground-based instrumentation, that is, by neutron
monitors. The solar energetic particle event on January 6, 2014,
which was measured by the South Pole neutron monitors, has
opened the discussion in the community of how a GLE is de-
fined*. In contrast to previous GLEs with significant count rate
increases at several locations, there is no possibility to deter-
mine the energy spectra from ground-based measurements for
the event on January 6, 2014 (e.g., Matthid et al. 2009). Since
the energy required to penetrate both the magnetosphere and the
atmosphere of Earth varies from a few hundred MeV to several
GeV based on the cutoff rigidity (i.e., latitudinal and longitu-
dinal position as well as atmospheric pressure), there is an in-
creasing need to derive proton energy spectra from spacecraft
measurements in this energy range. Knowledge of the interplan-
etary energy spectrum of solar events is especially important for
investigating particle transport in the magnetosphere and atmo-
sphere as well as for the neutron monitor and the space weather
community.

We showed that SOHO/EPHIN is well-suited to provide
these proton spectra for the events on May 17, 2012 and January
6, 2014. Although the instrument was designed to measure stop-
ping particles only, that is, protons up to 50 MeV, the tele-
scope provides sufficient information for particles such as pro-
tons above 50 MeV that penetrate the instrument to extend the
energy range. Using a GEANT 4 simulation, we determined the
response function of electrons, protons, and helium for ener-
gies from 5 MeV to 100 MeV and from 50 MeV/nucleon to

4 See Thakur et al. (2014) and http://nest2.nmdb.eu
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1 GeV/nucleon for forward- and backward-penetrating particles.
As a promising result, the simulation for forward-penetrating
particles shows that protons can be unambiguously identified in
the energy range from about 100 MeV to below 800 MeV. The
calculations for particles (protons, helium, and electrons) pene-
trating the instrument from behind give a significant background
and overlap in the energy range of interest. A clear example for
these contributions are the cosmic-ray background spectra dis-
played in Figs. 11 and 13 with a prominent helium contribu-
tion below 120 MeV and a flat spectrum for higher energies
due to the combination of forward and backward penetrating
protons. The latter are in part produced by hadronic interac-
tions of helium particles in the spacecraft material. To deter-
mine quiet-time GCR spectra, more detailed investigations are
needed. Fortunately, long averaged spectra of solar energetic
particle events tend to follow a power law or a Band function
(Tylka et al. 2006; Band et al. 1993) with a spectral index y
above 3 (e.g., Tylka et al. 2006). The simulation indicates that
the contribution of the backward-penetrating protons is lower
than 20% for such steep spectra and is therefore lower than the
contribution of the forward-penetrating protons. Since the re-
sponse function for protons above 50 MeV is nearly constant
(see Fig. 6), we derived a simplified inversion method from mea-
sured energy losses to kinetic energy and intensity.

The procedure was successfully applied to the GLE on
May 17, 2012 and was validated against the PAMELA measure-
ments. To shed some light on the discussion about the SEP on
January 6, 2014, we also applied our method to this event. The
resulting background-subtracted spectrum is shown in Fig. 14 in
comparison to the background-subtracted spectrum for May 17,
2012. The ratio of the two spectra is also displayed in the figure.
During the 2012 event, the intensities at 100 and 600 MeV are
two and four times higher than during the 2014 event, indicat-
ing that the later spectrum steepens faster than that in May 2012.
This softer spectrum results in a lower maximum energy, which
is important for detecting an SEP event by ground-based instru-
mentation. From South Pole measurements there is no doubt that
the event was recorded by ground-based measurements at an air
pressure of 690 mBar and vertical cutoff rigidities below 1 GV
(corresponding to 500 MeV for protons). If South Pole were
the only location of a cosmic-ray detector at ground, such as
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Fig. 14. Background-subtracted spectra for the events in May 2012
(red circles) and January 2014 (black squares) (see Figs. 11 and 13).
The ratio of the two events is presented on the right-hand axis (green
triangles).

MSL/RAD on Mars, which recorded the January 6 event (Posner
2014, priv. comm.) as well, the event would be counted as a
ground-level enhancement, GLE 72. However, on Earth there is
a network of neutron monitors, and therefore an SEP event is
only called a GLE if more than one station records a significant
count rate increase. In contrast to EPHIN, all neutron monitors
measure a particle distribution that is altered by the terrestrial
magnetic field and its atmosphere, leading to daily and seasonal
variation, but also to short-term changes due to the terrestrial
magnetic field and the atmospheric shielding that depends on
different factors such as the atmospheric pressure.

However, knowing the interplanetary magnetic field
direction at Earth and using the EPHIN spectrum in forward-
modeling as done in Matthid et al. (2009) would allow

calculating the count rate increase not only for each neutron
monitor, but also for other locations, allowing a more detailed
investigation and more precise definition of GLEs.
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4.2 SUPPLEMENTAL MATERIAL I: PHYSICAL MOTIVATION OF THE FIT FUNC-
TION

The function used for fitting the relation between kinetic energy and energy loss
of penetrating protons is physically motivated by the Bethe-Bloch equation. Fig.
16 shows GEANT4 simulation results of the stopping power as a function of 3 -y
for a silicon target as a 2D-histogram (compare to Fig. 6). The dashed line shows
the results from the Bethe-Bloch equation (see Eq. 11), which is a good approxi-
mation for the average energy loss as a function of primary particle energy. Note
that the Bethe-Bloch equation derives the mean energy loss of the Landau dis-
tribution and not the most probable energy loss and is thus still in agreement
to the simulations at higher energies. A reasonable approach to find a functional
relation between the total kinetic energy and the energy loss in a detector at these
energies can be therefore be based on this equation.

The Bethe-Bloch equation

2 2
dE 4t nzp ( e? > (In( 2mec?p? | p2) (11)

dx  mec? P2 \dmeg 1-(1—-p2)

includes several material constants (the mean excitation potential I and the elec-

Stopping Power / (MeV cm?/ g)
counts per cell

10° .
10 10
By

3 5 10 30 50 100 200 500 1000 3000 6000
proton kinetic energy / MeV

Figure 16: Proton stopping power in silicon as function of 3y simulated with the GEANT4
toolkit. In the simulation, a proton beam with energies between 1 MeV and
10 GeV was shot on a 1 pm thick silicon target. A second axis with the kinetic
energy of the proton has also been added. The dashed line represents results
calculated with equation 11.
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tron density n which depends on the charge z¢, mass m. and density p of the
material) as well as quantities based on the primary particle (velocity f = v/c
and charge z).

For non-relativistic particles, their velocity § = ¢ is given by

2-E
2:
B m-c?

(20)

with the mass m being the particles rest mass my and hence constant. Equations
11 and 20 then lead to

_dE 4w nz3 ( e? >2-(ln( 2mec? 25 - 2-E ) (21)
dx mec? 2B \4meo I-(1—-2E)" m.c?
C Cy-E 2-E
= %‘(ln((]_zlE))_m.cz) (22)
m-c?
with
4t nzd e \*
C] = : L ( ) (23)
mec? 2 \4meg
2mec2m%c2
Cy:= — (24)
Defining
Cz-E
C3 = In(——"5¢), (25)
(1— )

and assuming that C3 is constant (compare Fig. 17), Eq. 22 can be further simplify
to

) (26)

- % s (27)
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Figure 18: Total kinetic energy as a function of the energy loss in silicon. Both, the func-
tion based on the calculations in this chapter (black) and the function resulting
from the fit to simulation results from Kiihl et al. [2015a] (red, see chapter 4.1)
are presented.

with

C4 = —C1 . C3 (28)

2.

Cs:=Cr—. (29)

Eq. 27 can be solved for E:
Cy
(30)
&G

Eq. 30 was used in Kiihl et al. [2015a] (their Eq. 1) except for an offset parameter
a which has been included in the paper.

However, if one calculates the parameter C4 and C5 (b and c in the paper, re-
spectively), one finds some differences, especially for the C5 (c) parameter. In
Figure 18, the relations between total kinetic energy of a penetrating particle and
its energy loss is shown for both, the calculated parameter (black) and the fitted
parameter as presented in Section 4.1 (red). While the low energy part of the
function is similar for both the calculated and the fitted parameter, the results
differ at higher energies. This discrepancy can be explained by the fact that the
parameter C3 is not a constant but has a slight energy dependency, i.e. its value
increases from 5 to 8 for energies between 50 MeV and 1 GeV (see figure 17).
Furthermore the mass m is considered to be constant in the calculations which is
not correct at high energies (e.g. for a 1 GeV proton).
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4.3 SUPPLEMENTAL MATERIAL II: COMBINATION OF DATA SETS

As shown by Kiihl et al. [2015a, Section 4.1], EPHIN is capable of measuring the
proton energy spectrum from 100 up to 8oo MeV using the integral channel. Fur-
thermore, the nominal data products of the instrument which use the coincidence
channels allow to derive the energy spectrum from 5 to 50 MeV (cf. Section 3.2).
Thus, a combination of both measurement techniques is able to cover the spec-
trum over more than two orders of magnitude in energy which is especially
helpful to study velocity dispersion of SEP events [see Reames, 2009b].

The time of arrival t,us of a particle with the velocity v can by calculated with

tovs = to + Ls/v, (31)

depending on the particle release time at the Sun ty and the path length L,
which can vary between 1.1 and 2.2 AU for an observer at 1 AU due to different
solar wind speeds [Reames, 2009a].

For the May 17th, 2012 SEP event, Carbone et al. [2013] have derived Ly = 1.69 AU
and to = 01 : 41 UT based on various measurements including a velocity disper-
sion analysis utilizing PAMELA data. Note, however, that Li et al. [2013] have calcu-
lated Ls = 1.25 AU for the same event utilizing electron measurements. Whether
or not this discrepancies are related to different transport conditions for electrons
and protons or to uncertainties in the calculation of the path length remains un-
clear. Hence, additional data to validate different transport conditions and/or
simulations of the SEPs over the entire energy range is required.

In Fig. 19, the travel time of protons for this path length is presented. While rel-
ativistic protons with an energy of 1 GeV will reach the Earth in less than 20
minutes after their release at the Sun, 5, 10 and 20 MeV protons need at least 140,
100 and 60 minutes, respectively. However, since any scattering of the particles
would increase their effective path length, these times represent the arrival of the
earliest particles and hence mark the onset in intensity rather than the time of
the maximum intensity.

Figure 20 shows the proton energy spectrum derived from EPHIN data for both
stopping (circles) and penetrating particles (squares) for three different time in-
tervals measured on May 17th, 2012 (for an intensity time profile of the event

Proton travel time for
1.69 AU / minutes

LS

10° 10
Proton Energy / MeV

Figure 19: Proton travel time as function of proton energy for a Parker spiral with a
length of Ly = 1.69 AU disregarding any scattering.
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Figure 20: Proton energy spectra for three different time periods during the GLE event on
May 17th, 2012 measured with SOHO/EPHIN. In addition to particles stopping
in the instrument (i.e. the nominal energy range, circles), results for penetrat-
ing particles are presented (squares).

see Fig. 11 in Kiihl et al. [2015a], i.e. page 37 in Section 4.1). Note, that no EPHIN
data is available between 7:00 and 16:00 UT [see Kiihl et al., 2015a]. Due to sta-
tistical limitations, the energy spectra can not be measured with time resolution
similar to the PAMELA results given by Carbone et al. [2013] during the onset of
the event. However, the velocity dispersion can still be seen in the later stages of
the event. While the spectrum above 100 MeV has its maximum intensity in the
first time interval, the lower energy part of the penetrating particles (< 100 MeV)
and the stopping particles above 20 MeV have a higher intensity in the second
time interval. At the lowest energies (5 to 20 MeV) the intensity is the largest in
the third time interval. Although neither the onset time nor the actual time of
the maximum can be derived as function of energy due to statistical limitations,
these measurements can be used to constrain and validate models of SEPs and
their interplanetary transport.

Furthermore, the spectrum from 16:00 till 18:00 UT can be represented by a power
law up to 800 MeV. The intensity increase above 8oo MeV is caused by GCRs and
thus not related to the event [Kiihl et al., 2015a]. These consistent measurements
over two orders of magnitude in energy and almost five orders of magnitude
in intensity do not only show the new capabilities of EPHIN but can be used to
study acceleration processes of SEP events since the spectral index (i.e. the slope
of a power law fitted to the spectrum) measured in the interplanetary medium
gives valuable information regarding the acceleration mechanism [e.g. Tripathi
et al., 2013]. For a detailed study of the spectral indices of SEP events see Chapter
6.
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The modulation of Galactic Cosmic Rayss (GCRs) in the heliosphere can be ob-
served as energy and time dependent variation of the proton intensity at a given
point in the heliosphere (as described in Section 2.1; see also Fig. 21). While the
AMS and PAMELA instruments provide the measurements in the energy range
between 250 MeV and above 1 GeV with unprecedented precision, long term
measurements - i.e. on the time scale of the solar activity cycle (11 years) - are
not available. Especially the influence of drift effects on a certain particle type can
only be observed with continuous measurements over at least two solar cycles
[Webber and Lockwood, 1988]. The influence of drift effects can be clearly seen
in the GCR spectra presented in Fig. 21. While the maximum of the intensity at
several hundreds of MeV during the A™ solar minimum around 1996 is shaped
like a plateau, the following A~ solar minimum around 2010 features a sharp
maximum of the intensity (cf. Section 2.1).

The GCR spectra presented in figure 21 have been derived with the method devel-
oped by Kiihl et al. [2015a, cf. Section 4.1], which is capable of providing energy
spectra from 100 MeV up to 1 GeV during Solar Energetic Particle (SEP) events
by utilizing the specific properties of the measured particle populations during
SEPs. However, properties such as the shape of the energy spectrum and the com-
position of different particle types differ between SEPs and GCRs. Therefore, some
of the arguments given by Kiihl et al. [2015a] are not valid for the calculation of
GCR spectra and thus an additional study of the application of the method and
its limitations for measuring GCRs is required. Furthermore, a comparison with
other measurements of the GCR spectra is also necessary for validation purposes.
This study and a validation of the method for GCR spectra has been performed
in the following publications:

GALACTIC COSMIC RAY QUIET TIME SPECTRA FROM 300 MEV UP TO ABOVE 1 GEV
MEASURED WiTH SOHO/EPHIN

P. Kiihl, N. Dresing, J. Gieseler, B. Heber and A. Klassen, Proceedings of Science,
ICRC2015, id. 224

Own contribution: 9o %

ANNUAL CosMIC RAY SPECTRA FROM 250 MEV UP TO 1.6 GEV FROM 1995 — 2014
MEASURED WITH THE ELECTRON PROTON HELTUM INSTRUMENT ONBOARD SOHO
P. Kiihl, R. Goméz-Herrero and B. Heber, Solar Physics, Volume 291, Issue 3,
PP-965-974 (2016), DOI: 10.1007/511207-016-0879-0

Own contribution: 9o %
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Figure 21: Derived GCR proton spectra from 1995 to 2014. The figure is based on data
from Kiihl et al. [2016]

Short overview of the publications

The first publication is a feasibility study on deriving the GCR spectrum in the
energy range from 300 MeV up to above 1 GeV based on EPHIN measurements.
A short introduction and a section on the instrumentation and methodology are
followed by a discussion on EPHIN spectra in comparison with PAMELA results.
In the second paper, the introduction summarizes GCR modulation with special
emphasis on the new opportunities with the AMS and PAMELA instruments as well
as drift effects. A short description of the EPHIN instrument is followed by a recap
of the method presented in Kiihl et al. [2015a] and estimation of the uncertainties
for GCR spectra calculated with this method. Furthermore, a method to exclude
SEP events from the data set is presented. A comparison with other missions is
performed as validation. As a final result, the annual GCR proton spectra from
1995 to 2014 as shown in Fig. 21 have been presented and discussed. The key
findings of the publications are:

* based on an error estimation, which utilizes input spectra from the Force
Field Solution, EPHIN is capable of measuring GCR proton spectra between
250 and 1600 MeV

¢ the systematic error of the spectra are less than 20%, the statistical errors
are estimated to be "in the order of ~ 10%, 2%, and 0.5% for a spectrum of a
given day, month, and year, respectively."

¢ various balloon and spacecraft measurements during different phases of
the solar cycle are in agreement to the new data under consideration of
statistical and systematic errors

¢ annual GCR proton spectra from 1995 to 2014 and in the energy range from
250 - 1600 MeV are presented and discussed
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PROCEEDINGS

OF SCIENCE

Galactic cosmic ray quiet time spectra from 300 MeV
up to above 1 GeV measured with SOHO/EPHIN

Kiihl, P.*, Dresing, N., Gieseler, J., Heber, B., Klassen, A.
1EAP, University of Kiel, 24098 Kiel, Germany
E-mail: kuehl@physik.uni-kiel.de

The solar modulation of galactic cosmic rays (GCR) can be studied in detail by long term vari-
ations of the GCR energy spectrum (e.g. on the scales of a solar cycle). With almost 20 years
of data, the Electron Proton Helium INstrument (EPHIN) aboard SOHO is well suited for these
kind of investigations. Although the design of the instrument is optimized to measure proton and
helium isotope spectra up to 50 MeV/nucleon the capability exists that allow to determine energy
spectra up to above 300 MeV/nucleon. Therefore we developed a sophisticated inversion method
to calculate such proton spectra. The method relies on a GEANT4 Monte Carlo simulation of
the instrument and a simplified spacecraft model that calculates the energy response function of
EPHIN for electrons, protons and heavier ions. In order to determine the energy spectra the result-
ing inversion problem is solved numerically. As a result we present galactic cosmic ray spectra
from 2006-2009. For validation, the derived spectra are compared to those determined by the
PAMELA instrument.

The 34th International Cosmic Ray Conference,
30 July- 6 August, 2015
The Hague, The Netherlands

*Speaker.

(© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/
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GCR quiet time spectra measured with SOHO/EPHIN Kihl, P.

Titanium foil

Figure 1: Sketch of the EPHIN instrument [Miiller-Mellin et al. (1995)] and the instrument as implemented
in the GEANT4 simulation including a 10 cm block of aluminium to mimic the spacecraft. Simulated
trajectories of a 150 MeV (center) and 200 MeV (right) proton beam including secondary particles created
in the shielding are also shown. The colors represent the particle-type, protons (red), electrons (blue) and
gammas (green).

1. Introduction

The intensity of galactic cosmic rays (GCR) in the inner heliosphere is well known to vary on
time-scales of eleven years, anti-correlated to the solar activity cycle. This modulation of the GCR
particles can be described by convection in the solar wind, adiabatic cooling, diffusion and drift
effects [Parker (1965)], with the latter one also depending on the alignment of the interplanetary
magnetic field and hence on the 22-year cycle of the solar dynamo. To investigate these drift effects,
which are often neglected in models such as the force-field solution [Gleeson & Axford (1968)],
long-term measurements of the GCR spectrum at energies of several hundreds of MeV are needed.
In this work, we show that the Electron Proton Helium Instrument (EPHIN,
[Miiller-Mellin et al. (1995)]) aboard the Solar and Heliospheric Observatory (SOHO) with its mis-
sion life-time of almost 20 years is well suited for these kind of analysis. While the nominal maxi-
mum energy at which the instrument can determine spectra for protons is ~ 50 MeV, a simple yet
sophisticated inversion method based on GEANT4 simulations [GEANT4 Collaboration (2006)]
can be used to derive proton energy spectra in the range between 100 MeV and 1 GeV during solar
events [Kiihl et al. (2015)]. However, in comparison to solar events, the GCR spectrum features
a different spectral shape as well as different fluxes of electrons and helium particles which may
corrupt the measurements. Thus, we will discuss the capabilities, limitations and systematic un-
certancies of this method. Furthermore, preliminary results of the GCR spectra at several hundreds
of MeV based on EPHIN data from 2006 to 2009 are presented in comparison to PAMELA data
[Adriani et al. (2013)].
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Figure 2: Simulation results for isotropic fluxes of protons (upper row) and helium particles (lower row)
in front of (left column) and behind the instrument (right column). For each mono-energetic simulation
(horizontal axis), a histogram of the resulting energy losses is shown color-coded.

2. Instrumentation and Inversion Method

A sketch of the EPHIN instrument is shown in fig. 1 (left). The instrument consists of a stack
of silicon solid state detectors (SSDs, A-F) surrounded by an anticoincidence (scintilator, G). In
this work, we focus on high energy particles that penetrate the entire instrument and deposit en-
ergy in every SSD. Since no information of the directionality of the measured particles is known,
one can not simply distinguish between particles entering the instrument from the front ("forward
particles", entering at detector A, exiting at detector F) and particles entering the instrument from
behind ("backward particles", entering at detector F, exiting at detector A). Since backward parti-
cles first have to penetrate the entire spacecraft, they will reach the actual instrument with only a
fraction of their initial energy which leads to systematic uncertancies in the derived spectra (c.f.
[Kiihl et al. (2015)] for details). To take this effects into account, a GEANT4 simulation has been
set up, including a 10 cm aluminium block behind the instrument to mimic the spacecraft shielding
as shown in fig. 1. In addition, the figure includes trajectories of simulated proton beams with
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Figure 3: Relation between initial total energy and energy loss in the detector for protons (red), helium
particles (green) and electrons (blue, right hand axis). The maximum energy of electrons is chosen to be
100 MeV based on measurements [Moses et al. (1989)]. Open symbols represent results from backward
simulations, secondary protons caused by helium (green diamonds) are shown individually.

150 MeV and 200 MeV (center, right). The trajectories indicate that a backward proton needs to
have an energy of roughly 150-200 MeV to penetrate both the shielding as well as all six SSDs.
Hence, the energy response for forward particles (which need to have ~ 50 MeV to penetrate the
detector) differs from the response for backward particles, especially at lower energies.

To calculate the initial total energy of a penetrating particle based on the energy deposition in the
detector, mono-energetic simulations with isotropic fluxes of protons, electrons and helium parti-
cles in front of (for forward particles) and behind the instrument (backward particles) have been
performed individually. Results for protons and helium particles are shown in fig. 2. The figure
shows the resulting counts (color-coded) as a function of the energy-loss and the initial total energy.
For the energy loss, the minimum of the energy deposition in either the C or D detector is used to
reduce noise based on the statistical nature of the energy loss (c.f. [Kiihl et al. (2015)]). For both,
protons and helium particles, the forward particles form a narrow population with a clear relation
between total energy and energy loss, as expected based on the Bethe-Bloch equation. The back-
ward particles on the other hand can cause a wide variety of energy losses due to the interaction in
the spacecraft. Furthermore, at low energies the energy loss is enhanced as backward particles at
this energies loose a significant fraction of their energy in the shielding. In addition, the distribu-
tion of backward helium particles shows a secondary population at typical energy losses of protons,
which are caused by secondary protons created in the shielding via nuclear interactions.

To quantify the relation between energy loss and total energy, the simulation results are summed
up in fig. 3, where the initial energy is plotted as a function of the mean energy loss. Results for
electrons (blue), protons (red) and helium (green) are shown individually. Backward and forward
results are represented by filled and open symbols, respectively. The secondary protons caused by
interaction of backward helium in the spacecraft are also shown (green diamonds). From the figure
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Figure 4: Expected counts (left: total counts, right: normalized counts) as function of energy loss for
protons and helium particles entering the instrument from front and behind. Upper row shows results for
solar minimum (¢=200 MV), lower row for solar maximum (¢=1400 MV).

it is clear that 1) energy deposition caused by electrons is limited to ~ 0.4 keV/um; 2) helium
causes energy depositions above ~ 1.4 keV/um (except for secondary protons created by helium
interacting in the spacecraft); and 3) that energy losses in the intermediate region (gray shaded in
the figure) are almost entirely caused by protons. Furthermore, forward protons can be easily de-
scribed by an analytic fit (red dashed line) and therefore, measured energy losses between 0.4 and
1.4 keV/um can be converted into a proton spectrum with energies from ~ 150 MeV up to over

1 GeV.

Note that energies below 150 MeV are corrupted by helium particles that have energy losses
similar to low energy protons (c.f. fig. 3) which results in overestimated fluxes. Furthermore,
measured spectra can have a small background of helium contribution in general in any energy bin.
To address this issue, the amount of counted particles is estimated. Using the force-field solution
[Gleeson & Axford (1968), Usoskin et al. (2011)], the energy spectra based on the particle type
and the solar modulation (i.e. the solar modulation potential ¢) is approximated. These spectra are
then used as input for the GEANT4 simulation. The resulting number of particles counted in the
simulations are shown in fig. 4 for both forward and backward penetrating particles during both,
solar minimum (¢=200 MV) and solar maximum (¢=1400 MV). From the figure, it is obvious that
the number of counts with energy losses below ~ 1.2 keV/uum caused by helium particles is of the
order of serveral % under both solar activity conditions and hence, the helium corruption above
~ 150 MeV can be neglected.

In addition to the helium corruption, another systematic error is caused by backward penetrat-
ing protons. Fig. 3 indicates that the fit used to calculate the initial energy based on the en-
ergy loss deviates from the simulation results of the backward protons. The deviation increases
to lower energies (especially below ~ 300 MeV), while both datasets converge at higher energies.
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Figure 5: Proton spectra from 2006 to 2009, results from this work based on EPHIN data (triangles) in
comparison to PAMELA results (circles, [Adriani et al. (2013)]). The solid lines indicate the ratio of both
measurements.

Hence, unless a more sophisticated numerical inversion method is applied [Béhm et al. (2007),
Kohler et al. (2011)], the presented method is limited to energies above ~ 300 MeV for galactic
cosmic ray spectra.

3. Results and Discussion

The presented method was applied to EPHIN data of four different time-periods (Nov 2006,

Dec 2007, Dec 2008 and Dec 2009). The time-periods are chosen to cover several years in order
to investigate the variation of the GCR spectra due to solar modulation. Furthermore, comparable
PAMELA data is required to be available for validation. The resulting spectra are shown in fig. 5 in
comparison to PAMELA data [Adriani et al. (2013)]. The solid lines represent the intensity ratio
of both instruments.
Below ~ 150 MeV the EPHIN spectra features an increased flux, roughly one order of magnitude
higher than the PAMELA data. The increased fluxes show almost no variation over the the four
years, indicating that the measured particles should have a high rigidity. Hence, in agreement to
section 2, these particles can be identified as high energy helium particles that corrupt the proton
spectra at these energies.
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However, the energy range from ~ 300 MeV up to > 1 GeV is in good agreement to the PAMELA
data. While a general offset (EPHIN fluxes are 10-20% larger than PAMELA fluxes) occours, no
systematic time- or energy-dependent deviations are found. Note that the variations above 1 GeV
are of statistical nature due to the fine binning which was chosen in order to allow direct compari-
son with the PAMELA data.

In the intermediate energy-range (150-300 MeV), a clear trend with decreasing quality of the
EPHIN data towards lower energies can be observed. The ratio indicates that the quality varies
with the solar cycle and hence the overall shape of the GCR spectrum. In agreement to section
2, this effect can be identified to be caused by backward protons and the systematic error in the
calculation of their total energy.

We conclude that using a simple yet sophisticated inversion method, SOHO/EPHIN is capable of
measuring the galactic cosmic ray proton quiet time spectra in the energy range from ~ 300 MeV
up to over 1 GeV. However, for lower energies (e.g. 150-300 MeV) a more complex analysis of the
instrument and its data is necessary.
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Abstract The solar modulation of galactic cosmic rays (GCR) can be studied in detail by
examining long-term variations of the GCR energy spectrum (e.g. on the scales of a so-
lar cycle). With almost 20 years of data, the Electron Proton Helium INstrument (EPHIN)
onboard the SOlar and Heliospheric Observatory (SOHO) is well suited for this kind of
investigation. Although the design of the instrument is optimised to measure proton and
helium isotope spectra up to 50 MeV nucleon™", the capability exists to determine proton
energy spectra from 250 MeV up to above 1.6 GeV. Therefore we developed a sophisticated
inversion method to calculate such proton spectra. The method relies on a GEANT4 Monte
Carlo simulation of the instrument and a simplified spacecraft model that calculates the
energy-response function of EPHIN for electrons, protons, and heavier ions. For validation
purposes, proton spectra based on this method are compared to various balloon missions and
space instrumentation. As a result we present annual galactic cosmic-ray spectra from 1995
to 2014.

Keywords Galactic cosmic rays - Solar modulation - Energetic particles, protons

1. Introduction

Hess (1912) discovered evidence of a very penetrating radiation later called cosmic rays,
coming from outside the atmosphere. When Parker (1958) described the solar wind, theoreti-
cal research of cosmic rays began, stimulated by the beginning of in-sifu space observations
which have led to over four decades of important space missions, including the Voyager,
Ulysses, and — more recently — the Payload for Antimatter Matter Exploration and Light-
nuclei Astrophysics (PAMELA), and the Alpha Magnetic Spectrometer (AMS) missions. It
is well known that at energies below several GeV the cosmic-ray flux is anti-correlated with
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the 11-year and 22-year solar-activity cycle due to the solar modulation (Heber and Potgi-
eter, 2006; Heber, Fichtner, and Scherer, 2006). Thanks to the Voyager mission, uncertainties
about the modulation volume (i.e. the heliosphere) as well as the local interstellar spectrum
(LIS), became small (Stone et al., 2013). Thus the remaining main question to pose is: How
do charged particles propagate through the three-dimensional heliosphere and how do their
transport and propagation vary with the particles’ energy and the solar activity?

The transport of cosmic rays in the heliosphere can be described by Parker’s transport
equation (Parker, 1965). Physical processes that determine the measured flux at 1 AU are:
i) Outward convection caused by the radially directed solar-wind velocity. ii) Adiabatic de-
celeration or acceleration depending on the sign of the divergence of the expanding solar
wind. iii) Diffusion caused by the irregular heliospheric magnetic field. The diffusion co-
efficient depends on one’s position, on the particles’ rigidity (or energy), and on the solar
activity (time). iv) Gradient and curvature drifts in the global heliospheric magnetic field,
where the drift effects depend not only on the particles’ rigidity, and charge but also on the
phase of the 22-year solar-activity cycle, i.e. the orientation of the solar magnetic field above
the solar poles (A > 0 or A < 0: Webber and Lockwood, 1988).

At 1 AU the different modulation processes manifest themselves in the shape of the
measured energy spectra, i.e. in the range above 100 MeV nucleon™' to below a few
GeV nucleon™!, and its temporal variations (Potgieter, 2013). Thus, in order to investigate
these effects in more detail, cosmic-ray energy spectra covering the above-mentioned energy
range at all different phases of the 22-year solar magnetic cycle are required. Furthermore,
the energy coverage of measurements inside the Earth’s magnetosphere depends on the po-
sition of the observer, due to the geomagnetic cutoff. Thus an instrument in interplanetary
space is preferred. Since currently there is no dedicated instrumentation available, we ex-
tended the measurement capabilities of the Electron Proton Helium INstrument (EPHIN)
onboard the SOlar and Heliospheric Observatory (SOHO), which was launched in 1995
and has been located at the Lagrangian point L; since 1996.

After a brief synopsis of the method and an error analysis, the method is validated in
comparison to various other missions. Finally, annual proton spectra from 1995 to 2014 are
presented.

2. Instrumentation

A sketch of the EPHIN instrument (Miiller-Mellin ef al., 1995) is shown in Figure 1. The
instrument consists of six silicon solid-state detectors surrounded by a scintillator for anti-
coincidence. For particles that deposit their entire energy in the detector stack (“stopping
particles”), the type of the particle measured can easily be identified using the dE/dx — E
method (Miiller-Mellin et al., 1995). However, this method is limited for protons to energies
below 50 MeV. Above that energy, protons penetrate through the instrument, depositing only
a fraction of their total kinetic energy. In order to overcome this limitation, a new method
previously only used during solar events (Kiihl et al., 2015c¢), is adapted in such way that
GCR proton spectra in the energy range from 250 MeV up to 1.6 GeV can be obtained.

3. Method

The method applied (for more details see Kiihl ef al., 2015b, 2015c¢) relies on energy losses
of particles that penetrate the entire instrument (e.g. detectors A-F are triggered, cf. Fig-
ure 1). Sophisticated Geant4 Monte—Carlo simulations (Agostinelli et al., 2003) have been
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Figure 1 Sketch of the EPHIN instrument (adapted from Gémez-Herrero, 2003).

performed for electrons, protons, and helium ions. In addition to particles entering the in-
strument at detector A and exiting at detector F (“forward direction”), particles coming
from behind the instrument (entering at F, exiting at A; “backward direction™) are also con-
sidered. For the latter, the shielding of the SOHO spacecraft is taken into account by placing
a 10-cm Al layer behind the instrument. The simulation results are summarised in Fig-
ure 2, where the simulated energy is presented as a function of the minimum energy loss
in either the C or D detector. While the energy loss of electrons (blue triangles) is below
~0.4 keV um~! independent of their energy, helium particles (green circles) typically lose
more than 1.5 keV um~! and hence intermediate-energy losses are almost entirely caused
by protons (red squares). Furthermore, the relation between total kinetic energy and energy
loss for forward protons can be described by an analytical function fitted to the simulation
results. Using this function, the total kinetic energy of a proton with a given measured energy
loss can be estimated. However, especially at lower energies, protons passing the instrument
in the backward direction differ significantly from forward-penetrating particles. In addi-
tion, secondary protons can be created by backward-directed helium in the shielding (green
diamonds).

In order to determine the energy range in which the method can be applied and to estimate
the systematic errors, further simulations using realistic proton and helium spectra as simu-
lation input have been performed. The force-field solution (FFS: Gleeson and Axford, 1968;
Usoskin, Bazilevskaya, and Kovaltsov, 2011) approximates the GCR spectra at Earth for
a given local interstellar spectrum (LIS) and particle type as a function of a single vari-
able, the modulation parameter [¢]. The solid lines in Figure 3 show FFS proton spectra for
different ¢: representing different solar-modulation conditions (e.g. ¢ =400 MV for solar
minimum, ¢ = 1200 MV for solar maximum). Furthermore, helium spectra with the same
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2015c).
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Figure 3 Input proton spectra (FFS, solid lines) and resulting spectra for different solar-modulation condi-
tions. In the bottom panel, the relative deviation between input and model spectra is shown.

¢ and an energy-independent He/p ratio of 25 % were included in the simulation. The arti-
ficial data were then analysed with the method described. The resulting spectra are shown
as symbols in Figure 3. In the lower panel, the relative deviation between the resulting and
the input spectra are presented. Below 130 MeV (marked by dark-grey shading in the fig-
ure), high-energy helium ions cause energy loss similar to that of low-energy protons and
hence the intensity is heavily overestimated (Figure 2, ¢f. Kiihl ef al., 2015b). In the energy
range between 130 and 250 MeV (light grey), the intensity is slightly overestimated due
to the influence of backward-directed protons (Kiihl et al., 2015c). Above 1.6 GeV (light
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Figure 4 Example histograms of count rates of detector B for three selected months. The dashed lines show
the threshold for solar events.

grey), the energy loss of different energies converges and thus, without any further correc-
tions, the errors increase. However, based on the bottom panel of Figure 3, the systematic
errors between 250 MeV and 1.6 GeV do not increase above 20 % for all solar-modulation
conditions.

The statistical errors are of the order of ~ 10 %, 2 %, and 0.5 % for a spectrum of a given
day, month, and year, respectively.

In order to derive the GCR spectrum in a given time interval, solar events have to be ex-
cluded from the data set as they feature higher fluxes and a different spectral shape (Mewaldt
et al., 2012). Therefore, we analysed the count rate of detector B (c¢f. Figure 1) without any
coincidence condition, which is available at one-minute resolution. The B-detector is sen-
sitive to particles of low energy (Kiihl ef al., 2015a) and hence the count rate is expected
to rise during solar events. In Figure 4, histograms of the detector B count rate are shown
for three different months. All three histograms feature a sharp peak at count rates between
50 and 170 counts per second. Those count rates are caused by the GCR and the variation
of the position of the peak can be explained by solar modulation (Kiihl et al., 2015a). In
addition, the histograms for January 2001 and June 2005 show the occurrence of count rates
above 170 counts per second due to solar events. In our analysis, we have fitted a Gaussian
to the peak of the count-rate distribution for every single month and excluded time periods,
in which the count rates in detector B rose above 30 over the mean of the Gaussian (dashed
lines in Figure 4).

Following a similar approach to that used by Kiihl et al. (2015¢), Morgado et al. (2015)
have analysed the response of the Electron, Proton and Alpha Monitor (EPAM) onboard
the Advanced Composition Explorer (ACE) and the Heliosphere Instrument for Spectra,
Composition and Anisotropy at Low Energies (HISCALE) onboard Ulysses to penetrating
particles, focussing on the possibility of detecting anisotropies and onset times of the May
2012 GLE for particles above 1 GeV. However, those instruments do not have an integral
coincidence channel and thus a clearly defined direction of arrival of the measured particles
as well as the energy loss in several detectors is not known. Hence, the analysis of pene-
trating particles is much more complicated and an energy spectrum for penetrating particles
cannot be derived.
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Figure 5 Proton spectra from AMS, AMS-02, BESS, BESS-Polar, and PAMELA in comparison to the
derived EPHIN spectra (black). Spectra are scaled in the interest of greater clarity.

4. Results and Conclusion

In order to validate the derived spectra, Figure 5 shows data from various balloon missions
(Balloon-borne Experiment with Superconducting Spectrometer (BESS): Shikaze et al.,
2007, and BESS-Polar: Abe et al., 2016) as well as space-borne instruments (AMS: Al-
caraz et al., 2000, AMS-02: Aguilar et al., 2015, and PAMELA: Adriani et al., 2013) in
comparison to EPHIN spectra (black) for the same time periods. The different spectra are
scaled in the interest of greater clarity. The square sums of the statistical and the systematic
error (20 % independent of energy) of EPHIN are shown as an error band (grey). Note that
some BESS and BESS-Polar results are not shown, due to either gaps in EPHIN data or
solar energetic-particle events in the given time period, masking the GCR spectra.

Based on this figure, EPHIN spectra are in good agreement with the other measurements
when taking into account the errors. Since the different time periods cover different phases
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Figure 6 A selection of annual proton spectra derived from SOHO/EPHIN data with the method presented.
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count rate (red, right-hand axis). Lower panel: Proton intensity variations at different energies over the last
two decades. The data were derived from SOHO/EPHIN data with the method presented.

of the solar cycle, it can be concluded that the method presented is valid for deriving spectra
of galactic cosmic rays consistently.

Based on the method presented, annual GCR proton spectra from 1995 until 2014 have
been derived. All annual spectra are available in Table 1.

A selection of spectra at different phases of the solar cycle is presented in Figure 6.
While the two spectra at solar minimum (1997 and 2009) were obtained during differ-
ent polarities (A > 0 and A < 0, respectively), the other two spectra (2005 and 2012)
were obtained during the declining and rising phase of a A < 0 polarity phase (Hath-
away, 2010). Especially the “record-high” spectrum of 2009 (Mewaldt et al., 2010) rep-
resents a particular challenge for models to explain. In order to investigate the solar-
cycle dependence in more detail, Figure 7 displays the monthly averaged sunspot num-
ber (solarscience.msfc.nasa.gov/SunspotCycle.shtml) and the count rate of the Kiel neu-
tron monitor (www.nmdb.eu, both in the upper panel) in comparison to the yearly aver-
aged derived intensities at selected energies between 300 and 1600 MeV (lower panel).
Both the neutron-monitor count rate and the intensities at different energies measured by
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Table 1 Annual proton spectra from 300 MeV up to 1.6 GeV from 1995 to 2014. Energy is given in MeV,
differential intensity in [cm?srsGeV]~!. The systematic errors are approximated to be less than 20 %, sta-
tistical errors are less than 1 %.

E\Y 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

292 0.196 0.200 0.212 0.184 0.122 0.058 0.053 0.061 0.056 0.068
336 0.183 0.190 0.202 0.171 0.115 0.056 0.051 0.059 0.052 0.068
387 0.183 0.190 0.202 0.171 0.118 0.058 0.051 0.056 0.053 0.069
446 0.169 0.171 0.180 0.154 0.107 0.051 0.049 0.054 0.050 0.064
513 0.170 0.174 0.183 0.158 0.111 0.055 0.054 0.059 0.055 0.067
591 0.140 0.141 0.149 0.130 0.092 0.049 0.047 0.052 0.048 0.059
681 0.135 0.136 0.143 0.125 0.090 0.050 0.046 0.055 0.049 0.060
784 0.119 0.121 0.126 0.111 0.082 0.046 0.046 0.051 0.047 0.056
903 0.113 0.114 0.118 0.103 0.080 0.045 0.048 0.050 0.045 0.055
1040 0.101 0.101 0.105 0.096 0.073 0.046 0.048 0.049 0.046 0.054
1198 0.094 0.093 0.096 0.087 0.068 0.043 0.045 0.046 0.043 0.050
1380 0.076 0.076 0.078 0.072 0.057 0.038 0.041 0.042 0.037 0.043
1589 0.060 0.059 0.061 0.057 0.046 0.031 0.034 0.033 0.031 0.035

E\Y 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

292 0.094 0.127 0.167 0.186 0.227 0.196 0.125 0.082 0.079 0.074
336 0.094 0.122 0.159 0.176 0.215 0.185 0.126 0.077 0.076 0.072
387 0.095 0.124 0.160 0.176 0.213 0.183 0.124 0.082 0.076 0.072
446 0.090 0.113 0.144 0.159 0.190 0.163 0.109 0.071 0.071 0.067
513 0.091 0.117 0.147 0.160 0.191 0.166 0.116 0.078 0.075 0.073
591 0.075 0.098 0.122 0.132 0.154 0.135 0.094 0.065 0.064 0.064
681 0.078 0.097 0.117 0.126 0.147 0.129 0.092 0.065 0.065 0.064
784 0.073 0.086 0.104 0.112 0.129 0.114 0.083 0.059 0.062 0.061
903 0.072 0.084 0.099 0.105 0.120 0.106 0.080 0.056 0.059 0.057
1040 0.066 0.076 0.088 0.093 0.106 0.097 0.075 0.053 0.058 0.058
1198 0.060 0.070 0.080 0.085 0.094 0.085 0.065 0.048 0.049 0.046
1380 0.052 0.058 0.066 0.068 0.076 0.068 0.052 0.039 0.041 0.038
1589 0.041 0.045 0.051 0.053 0.057 0.052 0.041 0.030 0.032 0.030

SOHO/EPHIN are anti-correlated with the solar activity represented by the sunspot number
(Heber and Potgieter, 2006; Heber, Fichtner, and Scherer, 2006). Furthermore, the intensity
variation due to the solar modulation increases with decreasing energy. This behaviour is
expected based on Parker’s transport equation (Potgieter, 2013). Note that, similar to the
neutron-monitor count rate, the intensity variations show features of drift effects such as the
sharp peak in 2009 (A < 0) in contrast to the flatter maximum in 1997 (A > 0) (Webber and
Lockwood, 1988).

Both figures show that the new data set allows us to investigate modulation processes at
energies below the one obtained by neutron monitors and above the usual energy range from
spacecraft instrumentation. Thus the two decades of data available, together with the unique
position of SOHO outside the Earth’s magnetosphere, offer the opportunity to validate solar-
modulation model studies (e.g. Potgieter et al., 2014).
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5.3 SUPPLEMENTAL MATERIAL I: HEAVY IONS

While most studies of the solar modulation of GCR focus on protons, the interest
in heavier nuclei and their intensity variations over the solar cycle is - despite
their low abundance - growing due to their significant contribution to the total
radiation dose in future long-duration deep space missions [Davis et al., 2001].
It must be noted that the term heavy ions is referring to helium and every ion
heavier than helium in the GCR community. While various measurements are
available for helium with energies above 1 GeV /nucleon (e.g. AMS [Aguilar et al.,
2015], BESS [Sanuki et al., 2000], PAMELA [Adriani et al., 2011] and JACEE [Asaki-
mori et al., 1998]), consistent long-term data for helium and heavier ions in the
energy range most sensitive to solar modulation (100-1000 MeV /nucleon) is al-
most solely available from ACE/CRIS and ACE/SIS [Zhao and Qin, 2013]. Since
both of these instruments are limited to energies below 500 MeV /nucleon, an ex-
tension of the method presented by Kiihl et al. [2015a, 2016] to heavier ions could
be used to bridge the energy gap between the different missions. Due to the con-
tinuous and concurrent data from both the SOHO and ACE missions over almost
two solar cycles, the spectra of heavy ions could not only be used to estimate the
radiation dose of future missions but to further study the solar modulation of
GCRs including drift effects (see Section 2.1).

In order to explore whether or not energy spectra for heavy ions with energies
above 50 MeV /nucleon up to 1 GeV/nucleon can be measured with the EPHIN
instrument, Fig. 22 shows a histogram of the minimal energy loss per path length
in detector C or D [cf. Kiihl et al., 2015a] measured over 20 years (orange line).
Based on the histogram derived with the FFS shown in Fig. 4 in Kiihl et al. [2015¢,
see Section 5.1], the local maxima at ~0.4 and ~1.5 keV/um can be linked to
minimal ionizing protons and helium particles, respectively. This is further val-
idated by GEANT4 simulations (coloured dots) and calculations based on the
Bethe-Bloch (Eq. 11, dashed lines), which are presented as function of the total
kinetic energy (right hand axis). Both the simulations and calculations confirm
the two maxima to be caused by protons and helium particles. The simulation
results of electrons (blue dots) show the same overlap of energy losses caused by
electrons and protons discussed by Kiihl et al. [2015a] and - in more detail - by
Kihl et al. [2017].

The Bethe-Bloch calculations are also shown for heavier ions than helium, i.e.
Boron, Carbon, Nitrogen, Oxygen and Neon. Note that the highest bin in the
histogram shows an unusual high amount of counts since it reflects the over-
flow channel of the EPHIN detectors, i.e. every signal with an energy loss higher
than ~43 keV/um is counted in this bin. Since the energy loss of minimal ion-
izing Boron (=10 keV/um) overlaps with the energy loss caused by the more
abundant helium with energies of about ~50 MeV /nucleon, an analysis of Boron
is difficult. However, utilizing the measurements in more than the two detec-
tors, Helium particles with energies of ~ 50-200 MeV can be identified using the
dE/dx-dE/dx method as indicated by Fig. 2 in Kiihl et al. [2015a] (see page 31,
Section 4.1). Furthermore, an analysis of the Neon peak (=40 keV /um) is difficult
for statistical reasons. However, the histogram shows local maxima at the energy
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Figure 22: Histogram of the minimal energy loss per path length in detector C or D
measured over 20 years (orange) and for four exemplary years. Note, that
the highest bin is an overflow channel, i.e. every particle with an energy loss
above 43 keV/um is counted. The total kinetic energy of the particles corre-
sponding to these energy losses are show with respect to the right hand axis
based on the Bethe-Bloch equation (dashed lines) and on GEANT4 simula-

tions (coloured dots).

loss of minimal ionizing Carbon, Nitrogen and Oxygen ions. The lower amount
of counts for Nitrogen is in agreement to previous results from Mewaldt et al.
[1981]; George et al. [2009].
In addition to the 20 year histogram, annual histograms for the years 1997, 2005,
2009 and 2012 are also shown as magenta, cyan, green and red lines, respectively.
The energy loss histograms for the solar minimum years 1997 and 2009 are al-
most identical which is in agreement to the similarity of the proton spectra for
these years as shown in Fig. 6 in Kiihl et al. [2016, see Section 5.2]. The energy
loss histograms of 2005 and 2012 have less counts than the ones of 1997 and 2009
(with 2012 showing the lowest number of counts) which is also consistent with
the measured proton spectra. Since this temporal variation is also present at en-
ergy losses above 1 and 10 keV/um, EPHIN is in principle sensitive to the solar
modulation of helium and heavier ions, respectively.
However, whether or not changes in the spectral shape of heavy ions can be ob-
served with EPHIN has yet to be determined. Therefore, Fig. 23 shows the energy
loss histograms of the four discussed years normalized to the measurements in
1997. Note that any variation at energy losses below 0.3 - 0.4 keV/um could be
related to the solar modulation not only of protons but also of electrons and
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Figure 23: Histograms of the minimal energy loss per path length in detector C or D for
four exemplary years relative to the counts in 1997. The total kinetic energy
of the particles corresponding to these energy losses are show with respect to
the right hand axis based on the Bethe-Bloch equation (dashed lines).

is therefore not discussed here. From the figure it is evident that not only the
proton spectrum but also the energy loss histogram and hence the spectra of
Helium, Carbon, Nitrogen and Oxygen measured in 1997 and 2009 are of simi-
lar shape. Since the effect of the solar modulation does increase with decreasing
energy, the ratio of lower and higher energy particles, i.e. the slope of the his-
togram, should change depending on the solar cycle. Therefore, calculating the
modulated energy spectrum of Helium is in principle possible since a change in
the slope of the relative histograms is clearly seen between 2 and 8 keV/um (e.g.
for the years 2009 and 2012). It has to be noted, though, that the calculation of
the Helium spectrum is especially complicated during SEP events since protons
with energies above 50 MeV can dominate the counts for energy losses up to
3 keV/um (cf. Fig. 10 in Kiihl et al. [2015a, see Chapter 4.1]). For Carbon, Nitro-
gen and Oxygen an analysis of the histograms is more difficult due to the limited
statistics as well as the significant overlap of their energy losses. Nevertheless, a
comparison between the 2009 and 2012 histograms indicates that the measured
data contains information regarding the energy dependent modulation of ions
heavier than Helium as well.

In conclusion, future studies can follow the approach from Kiihl et al. [2016] in or-
der to derive the modulated energy spectra for Helium in the energy range from
50 up to above 1000 MeV /nucleon based on EPHIN measurements. For Carbon,
Nitrogen and Oxygen however, only qualitative statements regarding the solar
modulation of these heavy ions can be drawn while a detailed spectral analysis
is not possible.

In the scope of this work, similar studies on heavy ion spectra of GCRs have
been performed based on HELIOS data and are published in Marquardt et al.
[20154a,b].



COMPILATION AND STATISTICAL ANALYSIS OF A SEP
CATALOGUE

Ground Level Enhancements (GLEs) - the subclass of Solar Energetic Particle (SEP)
events associated with the most energetic solar particles - have been studied in de-
tail due to the continuous measurements of Neutron Monitors (NMs) over more
than six decades (see Section 2.2). However, whether or not a SEP event is de-
tected by NMs in order to be classified as a GLE does not only depend on the
interplanetary energy spectrum of the particles accelerated during the event but
also on the magnetospheric deflection of the particles and their interactions in the
atmosphere. This has been also emphasized by Thakur et al. [2016], who found
examples of a high energy SEP event not classified as GLE as well as a GLE not ac-
companied by any significant increase in the intensities above several hundreds
of MeV. Thus a detailed statistical analysis of high energy SEP events based on
longterm measurements not influenced by either the Earth’s magnetosphere or
the atmosphere is required in order to disentangle the different effects and to
understand the nature of GLEs.

Kiihl et al. [2015a] have shown that the energy range of the EPHIN instrument can
be successfully extended to higher energies during SEP events by analysing two
specific events, on May 17, 2012 and January 6, 2014. However, with more than
20 years of almost continuous data, the new measurement capabilities offer the
opportunity of a statistical analysis of SEPs with an high energy component. For
that purpose, a method of identification and criteria for a comparable parametri-
sation of these events have been developed. The identified events (see Fig. 24) are
compared with different event lists [Vainio et al., 2013; Gopalswamy et al., 2015]
and - if present - the increase caused in the neutron monitor count rates.

This statistical analysis of SEP events has been published in:

SOLAR ENERGETIC PARTICLE EVENTS WITH PROTONS ABOVE 500 MEV BETWEEN 1995
AND 2015 MEASURED WITH SOHO/EPHIN

P. Kiihl, N. Dresing, B. Heber and A. Klassen, Solar Physics, Volume 292, Issue 1,
art. id.10, 13 pp. (2017), DOI:10.1007/511207-016-1033-8

Own contribution: 85 %
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Figure 24: Intensity time profile of 500-700 MeV protons. The identified SEP events with
protons above 500 MeV are marked with red triangles.

Short overview of the publication

An introduction of high energy SEP events is followed by a comparison of the
new data with IMP8 and GOES data during different phases of a solar event and a
new study on the electron contamination of the high energy proton data. Based
on the method to identify SEP events introduced by Kiihl et al. [2016], a list of
42 events (also shown in Fig. 24) with proton intensity increases above 500 MeV
has been compiled and compared to other event lists. A statistical analysis of the
spectral properties has been performed, distinguishing between GLEs and other
events. For the GLEs, the increase in NM count rate has also been compared to the
intensity derived in this study. The key findings of the publication are:

¢ the high energy data is valid during different event phases (e.g. event onset,
declining phase), although statistically limited in the later phases

¢ the electron contribution to the data falsely interpreted as high energy pro-
tons is "1) negligible below 500 MeV, 2) lower than 20% between 500 and 8oo
MeV, and 3) seriously uncertain above §oo MeV"

* 42 SEP events with protons above 500 MeV have been found between 1995
and 2015

* GLEs have a similar distribution of spectral slopes compared to other events
but a higher intensity at 500 MeV (typically above 2- 1073 (cm? s st MeV) ™ 1)

* a clear correlation between the derived intensity of 500 MeV protons with
the relative NM count rate increase has been found for GLEs
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Abstract The Sun is an effective particle accelerator that produces solar energetic particle
(SEP) events, during which particles of up to several GeVs can be observed. These events,
when they are observed at Earth with the neutron monitor network, are called ground-level
enhancements (GLEs). Although these events with their high-energy component have been
investigated for several decades, a clear relation between the spectral shape of the SEPs
outside the Earth’s magnetosphere and the increase in neutron monitor count rate has yet to
be established. Hence, an analysis of these events is of interest for the space weather and for
the solar event community.

In this article, SEP events with protons accelerated to above 500 MeV were identified
using data obtained with the Electron Proton Helium Instrument (EPHIN) onboard the Solar
and Heliospheric Observatory (SOHO) between 1995 and 2015. For a statistical analysis,
onset times were determined for the events and the proton energy spectra were derived and
fitted with a power law.

As aresult, we present a list of 42 SEP events with protons accelerated to above 500 MeV
measured with the EPHIN instrument onboard SOHO. The statistical analysis based on the
fitted spectral slopes and absolute intensities is discussed, with special emphasis on whether
an event has been observed as a GLE. Furthermore, we are able to determine that the derived
intensity at 500 MeV and the observed increase in neutron monitor count rate are correlated
for a subset of events.

Keywords Solar cosmic rays - Ground level enhancement - Solar energetic particles

1. Introduction

The first solar energetic particle (SEP) event, which is now called a ground-level enhance-
ment (GLE), was reported by Forbush (1946). GLEs are large SEP events that are observed
by ground-based experiments such as neutron monitors (NMs). These detectors measure
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secondary particles that are produced when ions with energies above several hundred of
MeVs create a nuclear cascade in the Earth’s atmosphere. Since 1942, 71 GLEs have been
reported (see e.g. https:/gle.oulu.fi/); the largest measured increase above the pre-event back-
ground of about 4500 % was observed during GLE 5 on 23 February 1956 (Reames, 2013).

In order to fully understand the physics behind the particles resulting in GLEs, the chain
of acceleration in the corona, the injection and transport in interplanetary space, and the
propagation through the Earth’s magnetosphere and atmosphere have to be understood. To
this aim, Mishev, Usoskin, and Kovaltsov (2013) calculated the atmospheric yield function
that describes the relationship between the intensity of protons and «-particles near Earth
and the neutron monitor count rate, showing significant values for proton energies above
700 MeV. In agreement to these findings, investigations by Gopalswamy and Mikeld (2014)
using the Geostationary Operational Environmental Satellite (GOES) measurements of pro-
tons with energies above 700 MeV showed a good correlation between the occurrence of
above 700 MeV SEPs and GLEs during Solar Cycles 23 and 24. However, in an extended
study, Thakur et al. (2016) have reported two exceptions out of the 16 GLEs observed dur-
ing Solar Cycles 23 and 24. The event of 6 May 1998 caused a GLE, but did not cause an
increase in measurements above 700 MeV in GOES, and the 8 November 2000 event caused
an increase of above 100 % with respect to the pre-event background in the GOES channel,
but no increase in the neutron monitor network.

This dilemma, when a solar energetic particle event with a proton intensity increase at
energies above 700 MeV observed in the near-Earth environment is recorded as a GLE
and vice versa, also depends on the measurement capabilities of the available instruments.
While NMs are a valuable tool to investigate GLEs, they have several limitations that are
due to the indirect nature of detection. By measuring the count rate of secondary particles
at the ground, a count which is created by interactions of high-energy particles with the
atmosphere, NMs do not provide any direct information regarding the interplanetary spec-
trum of particles. In addition, the Earth’s magnetosphere and hence the resulting geomag-
netic cutoff rigidity (Lockwood and Debrunner, 1999) can vary over time, further increasing
the uncertainties in the analysis of NM data. In addition to simulations of these magneto-
spheric and atmospheric effects, knowledge of the energy spectrum outside of the magneto-
sphere is therefore required. We recently showed that the Electron Proton Helium Instrument
(EPHIN) is capable of measuring proton energy spectra up to 1 GeV (Kiihl et al., 2015a,b;
Kiihl, Gémez-Herrero, and Heber, 2016; Heber et al., 2015), providing the necessary data
for this type of investigation.

In this article, this new data are used to identify SEP events with protons above 500 MeV
during the time period of 1995 to 2015. A detailed comparison with other event lists is
carried out. Furthermore, a statistical analysis of the events based on their spectral properties
and on the neutron monitor count rate increase for events resulting in GLEs is presented.

The article is structured as follows. In Section 2 the instrumentation and data are de-
scribed. In Section 3 we identify events and compile an event list. Finally, in Section 4,
we present a statistical analysis of the event list by analyzing the proton spectra, while in
Section 5 we summarize our results.

2. Instrumentation and Data

2.1. Validation of High-Energy Proton Channels During Different Event Phases

The EPHIN instrument (Miiller-Mellin et al., 1995) onboard the Solar and Heliospheric
Observatory (SOHO) consists of a stack of six silicon semiconductors labeled A to F that
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Figure 1 Proton intensities of the November 1997 GLE measured in different energy channels by
IMP-8/GME (left panels, red curves) and GOES-9/EPS and GOES-9/HEPAD (right panels, red curves). For
comparison, intensities for the same energy channels derived in this study from SOHO/EPHIN data (black
curves) are presented.

are surrounded by an anticoincidence detector. The nominal energy range, between 5 and
50 MeV for protons, was extended to energies from 100 MeV to above 1 GeV with a method
first presented by Kiihl er al. (2015a). The method is based on particles that penetrate the
entire detector stack, depositing only a fraction of their kinetic energy in the instrument.
For these penetrating particles, the energy deposition in detectors C and D is taken as a
measurement of the energy losses of these particles. It has been shown that for energy losses
in a certain range, a reliable particle identification is possible for the penetrating particles.
The energy losses can then be converted back into total kinetic energy with an uncertainty
between 10 % (at 100 MeV) and 20 % (at 1 GeV, cf. Figure 9 in Kiihl et al., 2015a). For a
more detailed description of the method, we refer to Kiihl ez al. (2015a) and Kiihl, Gémez-
Herrero, and Heber (2016).

The method has been successfully validated for the solar energetic particle events on
17 May 2012 and 6 January 2014 (Kiihl et al., 2015a). Kiihl, Gémez-Herrero, and Heber
(2016) have proven that the method is also applicable in the absence of solar events to
derive galactic cosmic-ray (GCR) spectra from 250 MeV up to 1.6 GeV.

In this article, the method is used to identify solar energetic particle events with protons
accelerated to at least 500 MeV. To apply this method to the entire SEP event, a further vali-
dation of the method during the entire solar event (including the rising and declining phases)
is necessary since Kiihl ef al. (2015a) have only calculated event spectra for certain time pe-
riods. Since the method individually reconstructs the energy for every detected particle, it
provides the opportunity of defining any arbitrary energy channel between ~ 100 MeV up to
above 1 GeV. Hence, intercalibration and comparison with other missions can be achieved
rather easily.

For this purpose, Figure 1 shows the intensity of different energy channels during the
6 November 1997 SEP event (GLE 55) measured by the Goddard Medium Energy Experi-
ment (GME: McGuire, von Rosenvinge, and McDonald, 1986) onboard the Interplanetary
Monitoring Platform 8 IMP-8) in the left panels and by the Energetic Particle Sensor (EPS:
Onsager et al., 1996) and the High Energy Proton and Alpha Detector (HEPAD: Hanser,
2011) onboard GOES-9 in the right panels. In addition, the measured SOHO/EPHIN inten-
sities in the same energy range are shown (black curves in both panels). The figure clearly
shows that all three instruments measure the SEP event and that the intensity vs. time profiles
are in agreement within a factor of two.
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Figure 2 Left panel: proton (red squares) and electron (blue circles) spectra from the nominal data products
and power law fits (lines) for GLE 69 on 20 January 2005 from 09:00—11:00 UT. For the same time period,
the spectra of protons penetrating the instrument was also derived (black diamonds). Right panel: simulation
results showing the contribution of protons and electrons for different energy losses based on the extrapolated
spectra. The extrapolation was made with a power-law fit for both particle spectra with the fit results given in
the legend. For some exemplary energy losses, the electron contribution and the proton energy related to that
energy loss are shown by the text included in the vertical direction.

However, EPHIN systematically measures higher intensities around the maximum and in
the decay phase of the event when compared to the IMP-8 instrument in all three channels.
In contrast, the intensities are in agreement before and after the event. Hence we attribute
the differences during the event to the so-called ring switching (for details see Miiller-Mellin
etal., 1995).

It is important to note that the pre-event background measured by GOES is an order of
magnitude higher than the backgrounds given by EPHIN and the IMP-8 instrument, as has
been described by Sandberg et al. (2014). Furthermore, the 30-minute averaged data from
SOHO/EPHIN have statistical limitations, especially in the decay phase of the event.

2.2. Electron Contamination of the High-Energy Proton Measurements

Kiihl et al. (2015a) have mentioned a possible influence of electron fluxes above 10 MeV on
the high-energy proton data during solar events, but this issue has not been quantified yet.
Heber et al. (2015) showed that there are discrepancies in the derived proton spectrum during
GLE 69 between SOHO and neutron monitors above 700 MeV, while GOES and SOHO
agree with each other at lower energies. The increased flux above 700 MeV is believed to be
caused by electrons above 10 MeV that are associated with the same SEP event that causes
similar energy losses in the detector compared to those of high-energy protons. Therefore,
the influence of electrons on the derived proton flux above 700 MeV has to be taken into
account, and a study of this effect is necessary before a detailed analysis of the spectral
properties can be performed.

For this purpose, Figure 2 (left panel) presents electron (blue circles) and proton (red
squares) spectra based on the nominal data products from the EPHIN instrument during the
GLE 69 on 20 January 2005 from 09:00—-11:00 UT. The event has one of the highest elec-
tron contributions of the events investigated in this study and can therefore be considered as
the worst-case scenario. The spectra were fitted with a power law and have been extrapolated
to higher energies. We note that although the derived proton spectra based on the penetrating
particles (black diamonds) are in agreement with the power law fitted to the proton spectrum
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below 50 MeV, a softening in the proton spectrum at higher energies (e.g. a double power
law) would increase the electron contribution. Using the fitted spectra as input for a Geom-
etry and Tracking 4 (GEANT4) Monte Carlo simulation (GEANT4 collaboration, 2006) of
the instrument, we derived the contribution of both protons and electrons to energy losses
in the C and D detectors. As a result, Figure 2 (right) shows the contribution of electrons
(blue) and protons (red) dependent on the energy loss. For some illustrative energy losses,
the electron contribution and the proton energy related to that energy loss are shown by
the text included in the vertical direction. The figure shows that the electron contribution to
the high-energy proton spectra is: 1) negligible below ~ 500 MeV, 2) lower than 20 % in
the energy range from 500 to 800 MeV, and 3) very strong above 800 MeV. Hence, proton
intensities above 800 MeV should be considered as upper limits during solar events.

3. Identification Method of > 500 MeV Proton Events
3.1. Event Detection

In order to identify SEPs with protons accelerated to energies above 500 MeV, a histogram of
hourly intensities in a defined 500 — 700 MeV range from 1995 to 2015 is presented in Fig-
ure 3. The histogram indicates that most of the time, the measured intensity is in the range of
0.7-4-10"* (cm? ssrMeV)~!. In agreement with Kiihl, G6mez-Herrero, and Heber (2016),
these intensities correspond to the GCR background. The variation of the peak position over
different years as indicated by annual histograms can be explained by solar modulation
(Heber and Potgieter, 2006; Heber, Fichtner, and Scherer, 2006). While intensities below
this main population correspond to either GCR depressions during the passages of inter-
planetary coronal mass ejections (Forbush decreases, Cane, 2000) or instrumental effects
such as a high dead time of the electronics, higher intensities are related to SEPs.

In this study, events have been identified by requiring that at least two hourly averaged
intensities in a six-hour interval are above a threshold of 4 - 10~* (cm?ssrMeV)~!. Using
this identification technique, we identified 42 solar particle events in the time between the
start of the mission (December 1995) and 1 October 2015. It has to be noted that communi-
cation with SOHO was lost for several months during 1998 and, hence, no EPHIN data are
available for this time period.

3.2. The Event List

Figure 4 presents the time profile of the proton intensity in the energy range from 500 to
700 MeV over the past 20 years. In agreement with Figure 3, the variation of the GCR

Figure 3 Histograms of the

hourly proton intensities in the 10 — 1995-2015|4
energy range from 500 to g R - 2000
700 MeV based on g10°y  dmgiy o opdl e 2004
SOHO/EPHIN data. Shown are kS] , 2008
a histogram of the entire mission, g10%¢
as well as three annual g L
histograms, as indicated in the £107¢
nset. ool fotiiima n ‘
10” 10™ 10° 107

Intensity [(cm? s srMeV)!]

@ Springer

73



74

COMPILATION AND STATISTICAL ANALYSIS OF A SEP CATALOGUE

10 Page 6 of 13 P. Kiihl et al.
Figure 4 Time profile of the — ;  /
proton intensity in the energy ‘; 1021 V} \
range of 500 to 700 MeV 2 :
averaged over six hours for the = ]
past 20 years. The dashed vertical oo
lines and the arrows indicate the R= 107 ¢
dates of the SEP events found in ~
this study. ey
210"} ]
£ I\ — 500-700 MeV

1098 2002 2006 2010 2014

background intensity lies between 0.7 and 4 - 10~* (cm?ssrMeV)~! over Solar Cycles 23
and 24. The dates of the events identified in this study are marked as red triangles. We note
that some intensity increases shown in the figure were not selected as events since they were
caused by photons from the flare (in the range of the extreme-ultraviolet to hard X-rays)
depositing energy in the detector stack. Since these photon peaks are typically short lived,
they do not increase the intensity over two hours and are therefore not identified by the
algorithm. Of the 42 events, 32 events occurred during Solar Cycle 23 and only ten in Solar
Cycle 24. As expected, the occurrence of the solar events is clearly more likely during solar
maxima (around 2002 and 2014, Nymmik, 1999).

The dates and times when the events passed the threshold are listed in columns two and
three of Table 1. We note that these numbers mark the time when the event was identified
by the algorithm, and they are not to be confused with onset times. The onset times are de-
rived in Section 4.1. Columns five to eight give the corresponding events from other studies,
namely GLEs (taken from http://gle.oulu.fi/), SEPServer (Vainio et al., 2013), GOES (major
sep list, http://cdaw.gsfc.nasa.gov/CME_list/sepe/), and Gopalswamy et al. (2015), respec-
tively. The exact times of the GLEs were taken from the Neutron Monitor Database (NMDB,
http://www.nmdb.eu/nest/gle_list.php). GLE 68 is listed at 00:00 UT by the NMDB, while
Cliver (20006) related this GLE to a flare peaking at 09:52 UT. Hence, for this event, the time
from Cliver (2006) was adopted.

Events 35, 36, and 41 are listed as sub-GLEs in the Oulu GLE database (https://gle.
oulu.fi/), and event 42 was suggested to be a GLE by Thakur et al. (2014). However, they
are not officially confirmed to be GLEs, and therefore they are not marked as GLEs in our
table.

The table clearly shows that the 42 events include all GLEs during the SOHO age
(GLE 55 to GLE 72) with the exception of GLE 58, during which SOHO had a data gap.
Since GLEs are known to be caused by events during which particles are accelerated to
above 500 MeV (Cliver et al., 1983; Plainaki et al., 2009; Shen et al., 2013), this is a vali-
dation of the event identification method.

Because the SEPServer list is based on data from 1996 to 2010, it also includes the
majority of the events found in this study. The GOES list features every single event found
in this study. Gopalswamy et al. (2015) have derived a list of 37 large solar events for Solar
Cycle 24 that occurred until the end of 2014. Only ten of these events were detected by
our method, suggesting that the other 27 events did not accelerate protons to energies above
500 MeV. In their analysis, Gopalswamy et al. (2015) identified eight GLE candidates from
their list. Of these eight events, only three are found to have increased fluxes above 500 MeV
based on this study (events 33, 38, and 40).
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Table1 Event list compiled in this article. The columns represent the event number (column 1), the date (col-
umn 2), and the time (column 3) when the intensity threshold was surpassed, the onset time (column 4), cor-
responding event numbers of the GLE (http://gle.oulu.fi/, Sub-GLE are also marked) (column 5), SEPServer
(Vainio et al., 2013) (column 6), GOES (http://cdaw.gsfc.nasa.gov/CME_list/sepe/) (column 7), and Gopal-
swamy et al. (2015) (column 8) event lists. A p in the onset time indicates that the time corresponds to the
day before the date given in column 1. For details see text.

No. Date Time Onset GLE No. SEPS GOES Gopalswamy
01 04-11-1997 15:00 06:00 - 2 1 -
02 06-11-1997 13:00 12:45 55 3 2 -
03 20-04-1998 20:00 - - 6 3 -
04 02-05-1998 18:00 15:00 56 7 4 -
05 06-05-1998 13:00 08:30 57 8 5 -
06 14-11-1998 09:00 06:15 - 12 11 -
07 14-07-2000 12:00 10:30 59 32 21 -
08 09-11-2000 01:00 23:30p - 38 28 -
09 26-11-2000 18:00 - - - 30 -
10 03-04-2001 04:00 01:00 - 45 33 -
11 15-04-2001 16:00 15:00 60 49 36 -
12 18-04-2001 04:00 02:45 61 50 37 -
13 16-08-2001 03:00 00:30 - - 42 -
14 24-09-2001 23:00 14:00 - 58 44 -
15 01-10-2001 22:00 - - 59 45 -
16 04-11-2001 17:00 16:30 62 63 48 -
17 23-11-2001 05:00 21:00p - 64 51 -
18 26-12-2001 07:00 06:30 63 65 52 -
19 21-04-2002 06:00 02:00 - 72 63 -
20 24-08-2002 04:00 02:15 64 80 71 -
21 28-10-2003 13:00 14:00 65 88 78 -
22 29-10-2003 22:00 21:15 66 - 79 -
23 02-11-2003 20:00 17:15 67 90 81 -
24 05-11-2003 06:00 02:00 - - 82 -
25 07-11-2004 21:00 15:45 - 97 90 -
26 10-11-2004 11:00 03:15 - 99 92 -
27 16-01-2005 14:00 - - 101 93 -
28 17-01-2005 16:00 13:45 68 - 94 -
29 20-01-2005 09:00 06:45 69 - 95 -
30 08-09-2005 20:00 - - - 102 -
31 06-12-2006 23:00 - - - 104 -
32 13-12-2006 04:00 03:00 70 112 105 -
33 07-06-2011 09:00 07:15 - - 110 4
34 23-01-2012 12:00 05:30 - - 115 9
35 28-01-2012 04:00 18:30p - - 116 10
36 07-03-2012 04:00 - - - 117 11
37 13-03-2012 19:00 17:45 - - 118 12
38 17-05-2012 03:00 01:45 71 - 119 13
39 11-04-2013 12:00 07:45 - - 131 25
40 22-05-2013 20:00 14:00 - - 133 27
41 06-01-2014 10:00 - - - 137 31
42 08-01-2014 00:00 21:00p - - 138 32
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Table 2 Energy bins used for the spectra.
Lower bin edge [MeV] 49 78 124 195 308 486 766 1207
Upper bin edge [MeV] 78 124 195 308 486 766 1207 1903
Geometric mean [MeV] 62 98 155 245 387 610 962 1516

4. Statistical Event Analysis
4.1. Onset Times

For a study of the spectral properties of the events, we took into account only those events
for which an onset time based on a 100 to 1000 MeV proton channel could be derived. The
chosen broader energy interval in comparison to the 500 to 700 MeV interval allows us to
determine the onset with a time resolution of 15 minutes. For 34 of the 42 events, it was
possible to derive the onset time by requiring an intensity increase above a threshold defined
as the average intensity during the previous six hours plus three times the standard deviation
of that time interval. These 34 events include all GLEs and sub-GLEs except for event 41,
since EPHIN had a data gap during the early stage of the event (Kiihl et al., 2015a). Hence,
no onset could be determined for this event, and it is excluded from the following analysis.
All determined onset times are listed in column four of Table 1.

4.2. Event Spectra

Since the statistics of EPHIN data for event 25 are limited, it was excluded from the follow-
ing study, although an onset time was derived. For the remaining 33 events, the high-energy
proton spectrum was calculated in a time interval of two hours, starting 30 minutes after
the onset. The time lag of 30 minutes is necessary to reflect the different travel times of
100 MeV and 1000 MeV protons. While the latter can reach the spacecraft after about ten
minutes (depending on the length of the Parker spiral and the diffusion in the interplanetary
medium), the 100 MeV protons can be delayed by up to half an hour because of their lower
velocity. The interval length of two hours was selected for statistical reasons. As an exam-
ple, Figure 5 shows the derived spectrum for event 2 (GLE 55). In the figure, the geometric
mean of the energy range is shown. The exact energy bins are given in Table 2.

Mewaldt et al. (2012) have shown that the proton spectra of GLE events can be repro-
duced by a double-power law (described by Band et al., 1993) with a spectral break at
several MeV. Since we only analyze energies above 100 MeV, a single power-law function

I(E)=1y-(E/Ey)", )

where the intensities / (E) and I, are measured in [(cm?ssrMeV)~!] and the energies E,
Ey in [MeV], was fitted for every single event. Based on the approximation of the electron
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Table 3 Results of the power law fit to the proton spectra. The columns represent the event number (cf. Ta-
ble 1, column 1), the fitted spectral indices [y] (column 2), and intensities at 500 MeV [I500] (in units of
[(cm2 sereV)_1 ], column 3) of the events. Since the fit was performed as a linear regression between
the logarithm of the energy and the logarithm of the intensity, the goodness of the fits is represented by the
adjusted coefficient of determination [R2] (column 4). For details see text.

No. vy [5001 R> No. vy (5001 R?
01 —2.20+£0.16 (8.77 £ 1.00) e—4 097 21 —3.154£0.25 (2.07£0.15) e-2 0.97
02 —1.70£0.24 (2.08 £0.33) e-2 095 22 —2.49+0.11 (3.70 £0.15) e-2 1.00
04 —2.12+£0.15 (2.31+£0.21)e-3 096 23 —2.70£0.22 (1.50£0.11) e-2 0.98
05 —2.84+£0.26 (1.154+0.12) e-3 093 24 —2.67+0.17 (3.454+0.30) e4 0.98
06 —2.44+0.24 (1.524+0.18) e-3 091 26 —1.51£0.11 (9.924+1.94) e4 0.97
07 —2.24+£0.15 (1.74 £0.11) e-1 097 28 —3.20£0.08 (6.124+0.14) e-3 0.93
08 —2.78 £0.31 (1.324+0.14) e-1 097 29 —2.124£0.13 (2.534+0.14) e-1 0.99
10 —3.24+0.12 (5.59+0.23) e4 098 32 —1.95+0.15 (3.56 0.26) e-2 0.98
11 —2.13+£0.03 (7.77 £0.10) e-2 099 33 —1.83£0.31 (9.85+£3.15)e4 0.85
12 —2.01+£0.12 (3.79+£0.31)e-3 097 34 —3.78 £0.40 (2454+0.27)e4 0.78
13 —2.57+£0.09 (2.384+0.10) e-3 099 35 —2.224+0.24 (1.654+0.25)e-3 0.93
14 —3.30+£0.33 4.39+0.47)e4 093 37 —2.75+0.25 (1.84 £0.18) e-3 0.94
16 —2.90+£0.20 (1.06 £ 0.07) e-2 0.98 38 —1.87+0.17 (4.474+0.57)e-3 0.97
17 —2.22+£0.05 (5.55+0.21)e4 1.00 39 —2.194+0.09 (3.40£0.26) e—4 0.99
18 —3.21+£0.07 (5.39£0.11)e-3 0.99 40 —2.934+0.19 (5.55+£0.43)e4 0.92
19 —3.84£0.10 (2.354+0.06) e-3 097 42 —3.60£0.03 (4.934+0.04) e4 1.00
20 —2.58 £0.08 (4.414+0.15)e-3 1.00

contribution described above (cf. Figure 2), only energies below 800 MeV were taken into
account for the fit because of possible electron contamination at higher energies. As an
example, the fit for event 2 is shown in Figure 5.

Table 3 presents the spectral indices [y ] and intensities at 500 MeV [ /5] resulting from
the fits of the 33 events. The fit was performed as a linear regression between the logarithm
of the energy and the logarithm of the intensity. Hence, the goodness of the fits can be
represented by the adjusted determination coefficient [R?], which is also given in Table 3.

4.3. Statistical Analysis of > 500 MeV Proton Events

In Figure 6 the spectral index of the analyzed events is shown as a function of the proton
intensity at 500 MeV derived from the proton spectrum fits. GLEs are shown as red squares,
the remaining events are plotted as black circles. The numbers in the symbols correspond
to those in Tables 1 and 3. The dark gray and light gray shaded areas correspond to the
varying GCR background level at 500 MeV during solar maximum and solar minimum,
respectively (cf. Figure 3). At the top and at the right-hand side of the figure, histograms of
both quantities are also shown individually.

The fit results of events 24, 34, and 39 show that the proton intensity at the energy of
500 MeV is slightly lower than the threshold used for the event identification based on the
500-700 MeV channel. This can be explained by statistical errors of the channel inten-
sity and the fit results. However, it should be noted that these events occurred during solar
maximum and hence might still have caused an increase above the GCR background.
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Event 08 shows a much higher intensity than and a similar spectral index as several
GLEs, but still shows no increases in the neutron monitor count rates, which is in agreement
with findings of Thakur et al. (2016). Hence, this event is of special interest in terms of
understanding which physical processes determine whether an SEP event with a certain
spectral shape is observed by the neutron monitor network. Therefore, an extensive study
using not only the spectral data at high energies, but also simulations of the asymptotic
viewing directions of neutron monitors is in preparation.

The majority of the GLEs feature spectral indices that are uniformly distributed between
—2 and —3, which is in good agreement with the results of Mewaldt et al. (2012). The
spectral indices of events not related to GLEs are also uniformly distributed, but in a wider
range between —2 and —4. The spectral index of event 20 (y = —2.58) is identical with the
findings of Tylka et al. (20006).

However, the intensity of 500 MeV protons is typically higher during GLE-related
events than during events without GLEs. Furthermore, this intensity is above 2 - 1073
(cm?ssrMeV)~! for all GLEs (except for event 5), which is consistent with the results
of Nitta et al. (2012). In their study, these authors showed that the GOES/HEPAD P9 chan-
nel (420—510 MeV) typically exceeds 2 - 107 (cm?ssrMeV)~! during GLEs with only
GLE 57 and GLE 68, corresponding to events 05 and 28 in our list, having lower fluxes.
Thakur et al. (2016) also found GLE 57 to be an especially small event. While the results of
this work do confirm the results of previous studies regarding the low intensity of GLE 57,
the intensity of GLE 68 is found to be higher than the results of Nitta ef al. (2012). However,
in their study, Nitta ef al. (2012) noted that the onset determination and hence the analysis
of this particular event is troublesome.

The five GLEs with the highest flux in our analysis (events 29, 07, 11, 22, and 32, cor-
responding to GLEs 69, 59, 60, 66, and 70) are also considered to be among the largest
GLEs in the SOHO era (cf. Table 1 in McCracken, Moraal, and Shea, 2012). The relative
increases in neutron monitor count rate for GLEs given by McCracken, Moraal, and Shea
(2012) are shown as a function of the intensity at 500 MeV derived in this study in Figure 7.
Some GLEs from Table 1 are not shown here, as they have not been investigated by Mc-
Cracken, Moraal, and Shea (2012). The figure indicates a correlation between the intensity
at 500 MeV and the relative increase in NM count rate, with the exception of events whose
intensities are below 1072 (cm?ssrMeV)~! (events 12, 18, and 38) and event 29, which has
a significantly higher increase in NM count rate than the measured intensity at 500 MeV.
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Figure 7 Relative increase of
the neutron monitor count rate as
a function of intensity at

500 MeV based on the fit. The
increase in the NM count rates is
taken from McCracken, Moraal,
and Shea (2012). The numbers
correspond to Tables 1 and 3.
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Furthermore, it has to be noted that the scattering of the relative NM count rate increase
for a given intensity at 500 MeV is rather high. The reasons for these deviations remain
unclear, especially since the spectral shape of the events (e.g. the fitted ) are rather similar
for most of them (cf. Figure 6). Possible explanations are the asymptotic viewing direction
of each neutron monitor (McCracken and Freon, 1962; Smart, Shea, and Fliickiger, 2000)
or changes in the cutoff rigidities that are due to geomagnetic disturbances during the SEP
events (Danilova, 1999), which may differ from event to event.

S. Summary

We investigate SEP events with protons with energies above 500 MeV based on the extended
measurement range of SOHO/EPHIN described by Kiihl et al. (2015a) and Kiihl, Gémez-
Herrero, and Heber (2016).

We show that the new and unique data product is valid during any stage of the solar event
(e.g. onset, maximum, and decay phase) by comparison with results from IMP8 and GOES.
Furthermore, additional simulations of the instrument show that the electron contribution to
the high-energy proton data is: 1) negligible below 500 MeV, 2) lower than 20 % between
500 and 800 MeV, and 3) seriously uncertain above 800 MeV.

Based on the energy interval from 500 to 700 MeV, 42 SEP events with protons acceler-
ated to above 500 MeV have been identified during the last 20 years of the SOHO mission.
The compiled event list (see Table 1) was compared to various other event lists, including
the GLE list.

For events with clear onset times, the proton intensity spectra were derived in a time
interval of two hours, starting 30 minutes after the onset time. The spectral indices [y]
derived from the power-law fit in the energy range below 800 MeV and the intensity at
500 MeV of the events were compared (see Figure 6 and Table 3).

Based on this comparison, various results from the literature such as typical intensity
increases above 2 - 1073 (cm?ssrMeV)~! at 500 MeV (Nitta et al., 2012) were validated.
Furthermore, certain non-GLE and GLE events with surprisingly high and low intensity,
respectively, were found, in agreement with Thakur er al. (2016).

Comparing the derived intensities at 500 MeV with the relative increase of the neutron
monitor count rates during GLEs (McCracken, Moraal, and Shea, 2012), a clear correlation
was found, with the exception of events with a very low intensity at 500 MeV and GLE 69,
which shows a particularly strong increase in the neutron monitor count rate.
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SUMMARY & OUTLOOK

Measurements of the energy spectra of interplanetary particles are crucial in or-
der to understand the physical processes related to the acceleration of these par-
ticles as well as their propagation in the heliosphere. This applies in particular to
the energy range from 100 MeV up to above 1 GeV since both the solar modula-
tion of Galactic Cosmic Rayss (GCRs) and the larger Solar Energetic Particle (SEP)
events can be observed in this energy regime. Unfortunatelly, instruments ca-
pable of providing these measurements are rare. Although principally capable
of performing these measurements, the AMS and PAMELA instruments can only
supply this data at energies above several hundred MeV and with limited time
coverage due to magnetospheric effects. Furthermore, data from both missions
is only available for six and eleven years, respectively, and hence, studies of drift
effects and their role in the solar modulation as well as statistical analyzes based
on a large number of SEP events are not possible with these instruments.

In order to overcome these limitations and to bridge the energy gap between
AMS and PAMELA on the one side and the various instruments with measure-
ments below 100 MeV on the other side, an extension of the energy range of
Electron Proton Helium Instrument (EPHIN) aboard the Solar and Heliospheric
Observatory (SOHO) has been achieved in this thesis. For this purpose a GEANT4
simulation of the instrument was set up in order to analyze the response of the
instrument to electrons, protons and helium particles that penetrate the entire
instrument. Based on these results, a method to identify particle types and their
initial total kinetic energy based on measured energy losses in the detector has
been developed.

In a first study the method has been applied to the May 17th, 2012 and January
6th, 2014 SEP events [Kiihl et al., 2015a]. It has been shown that the proton spec-
trum for the former event is in agreement to previous results from PAMELA in
the energy range from 100 to 800 MeV. Furthermore, a combination of the new
method with the nominal data products of the instrument has been presented,
allowing EPHIN to measure the continuous proton spectrum from 5 MeV up to
above 800 MeV during SEP events.

Furthermore, the possibility of deriving the GCR proton spectra has been explored
[Kiihl et al., 2015¢, 2016]. Both, simulations with expected GCR spectra based on
the Force-Field Solution (FFS) as well as comparisons with various different mis-
sions (AMS, BESS and PAMELA) have shown that the new method enables EPHIN to
measure the GCR protons spectrum in an energy range from 250 MeV to 1.6 GeV
with a systematic uncertainty of less than 20%. The annual spectra between 1995
and 2014 have been published for protons and analysed with special emphasis on
drift effects. It has been also shown that the method can be extended to Helium,
while modulation of other heavy ions (i.e. Boron, Carbon, Nitrogen, Oxygen and
Neon) can only be studied qualitatively.
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The continuous data from EPHIN has been also used to identifiy SEP events with
an increase in the proton intensity above 500 MeV between 1995 and 2015 [Kiihl
et al., 2017]. Therefore, the high energy data has been further validated by com-
parison with measurements from GOES and IMP8 during different phases of a SEP
event (e.g. during the onset and in the declining phase). The electron contamina-
tion has been analysed and estimated to be negligible below 500 MeV and lower
than 20% between 500 and 8oo MeV. In total, 42 events with an increase in the
proton intensity above 500 MeV have been identified. The onset times for the
events have been derived and a statistical analysis based on the spectral proper-
ties of the events has been performed, showing that GLEs have similar spectral
slopes compared to other events but a higher intensity at 500 MeV. In addition, a
correlation between the calculated intensities and the increases in the NM count
rates for those events related to GLEs has been found.

In future studies, the presented method can be applied to Helium particles from
100 MeV to above 1 GeV measured by EPHIN whose energy losses can be clearly
distinguished from those of heavier ions. The analysis of the latter, however, is re-
stricted due to the limited statistics and a significant overlap of the energy losses
caused by different ions. An extension of the EPHIN energy range of electrons is
not possible since there is no clear dependence between the energy loss and the
total energy of electrons between 10 and 100 MeV [Kiihl et al., 2015a].
Furthermore, the method can be easily applied to other instruments that measure
the energy loss in one or two detectors in a coincidence condition that surpresses
low energy (<10 MeV) electrons. Hence, previous and current instruments such
as STEREO/HET [von Rosenvinge et al., 2008] as well as future instruments like
SorLAr OrBITER/HET [Gémez-Herrero et al., 2017] can adopt the method in order
to extend their measurement capabilities.
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