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Résumé

Les noyaux de magnésium dans les rayons cosmiques sont des particules primaires
que l'on pense étre principalement produites et accélérées dans des sources
astrophysiques. Alors que les noyaux d'aluminium dans les rayons cosmiques sont
censés étre produits a la fois par des sources astrophysiques et par les collisions de
noyaux plus lourds avec le milieu interstellaire. La connaissance du comportement
précis des spectres en énergie des noyaux de magnésium et d’aluminium est
importante pour comprendre I'origine, I'accélération et les processus de propagation
des rayons cosmiques dans la Galaxie. Les noyaux d'aluminium dans les rayons
cosmiques ont un composant secondaire radioactif : l'isotope 2°Al. Les fractions
survivantes des isotopes radioactifs tels que 1°Be et 2°Al dans les rayons cosmiques
secondaires fournissent une contrainte sur le temps de résidence des rayons
cosmiques dans la Galaxie et permettent de distinguer différents scénarios de
propagation des rayons cosmiques. Les fractions survivantes des isotopes °Be et 2°Al
peuvent étre extraites a partir des rapports des spectres Be/B et Al/Mg mesurés
notamment par le détecteur AMS-02 jusqu'au TV, ce qui fournit des informations
complémentaires sur la dépendance énergétique du temps de résidence par rapport
aux mesures directes de la composition isotopique qui ne sont possible que jusqu’a
guelque dizaine de GV.

Dans cette these, les mesures de précision des spectres des noyaux de magnésium et
d’aluminium dans les rayons cosmiques en fonction de la rigidité allant de 2.15 GV a
3.0 TV sont présentées. Ces mesures se basent sur 2.51 millions de noyaux de
magnésium et 0.51 million de noyaux d’aluminium collectés par le détecteur AMS-02
dans ses premieres 8.5 années d'exploitation a bord de la station spatiale
internationale ISS, du 19 mai 2011 au 30 octobre 2019. Une étude de faisabilité de
I'extraction des fractions survivantes des isotopes radioactifs 1°Be et 2°Al a partir des
rapports des spectres Be/B et Al/Mg est également discutée.






Abstract

Magnesium (Mg) nuclei in cosmic rays are primary particles thought to be mainly produced
and accelerated in astrophysical sources. While Aluminum (Al) nuclei in cosmic rays are
thought to be produced both in astrophysical sources and by the collisions of heavier nuclei
with the interstellar medium. Knowledge of the precise behavior of the Mg and Al spec-
trum are important in understanding the origin, acceleration, and subsequent propagation
processes of cosmic rays in the Galaxy. Aluminum (Al) nuclei has secondary components
such as 26Al. The surviving fractions of the radioactive isotopes such as '°Be and 2°Al in
cosmic rays provide constrain on the cosmic-ray residence time in the Galaxy, and allow to
distinguish between different cosmic-ray propagation scenarios. The surviving fractions of
10Be and 2%Al can be extracted by from the Be/B and Al/Mg flux ratios measured by AMS,
allowing to extend direct measurements up to the TV, and thus providing complementary
information on the energy dependence of the residence time.

In this thesis, the precision measurements of Mg and Al individual fluxes and their ratio
in the rigidity range from 2.15 GV to 3.0 TV based on 2.51 million Mg and 0.51 million Al
nuclei collected by the Alpha Magnetic Spectrometer (AMS-02) during its first 8.5 years
(May 19, 2011 to October 30, 2019) of operation aboard the International Space Station are
presented. A feasibility study of extracting the !“Be and 2°Al surviving fractions from Be/B
and Al/Mg flux ratios is also discussed.






Acknowledgements

Working in the AMS Collaboration with the University of Geneva group has been the most
memorable experience in my life so far. I am grateful for all the help from people I met
during my Ph.D. study.

First and foremost, I would like to thank my advisor, Dr. Mercedes Paniccia, for guiding
me throughout my Ph.D. journey in these past four years. Without her help and support, this
thesis would not be possible.

I would also like to thank my joint advisor, Prof. Xin Wu, for his continuous support and
valuable advice and discussions during these years.

I would express my gratitude to Dr. Kfir Blum at the Weizmann Institute of Science for
guiding me during the study of cosmic-ray radioactive decay and escape time.

I would also express my gratitude to Dr. Qi Yan at MIT for his valuable suggestions and
inspiring discussions about cosmic-ray nuclei analysis.

I want to thank my colleagues from the AMS Nuclei Group, including Dr. Vitaly Choutko
at MIT and others. The fruitful discussions with them have accelerated my research.

I also want to thank the jury members for their valuable comments and suggestions on
my thesis.

I appreciate the experience I had with my peers in the Geneva group, Dr. Yao Chen and
Mr. Jiahui Wei. I have learned a lot about the analysis and codings from them.

I also appreciate the help from my colleagues from AMS during my shifts. In particular,
thanks to Dr. Andrey Rozhkov for offering me many transportation help from the AMS
POCC to home, which has saved me lots of trouble.

Moreover, I would like to thank Prof. Samuel Ting for offering me the opportunity to join
the AMS collaboration, and the China Scholarship Council for providing me the financial
support during my Ph.D. study.

Finally, I want to thank my parents for their unconditional love and countless sacrifices.






Table of contents

List of figures

List of tables

1 Introduction to Cosmic Rays

L1 CoSMICTAYS . . . v v v o o e e e e e e e e e e e e

1.1.1
1.1.2

Cosmic-ray SPectra . . . . . . . . v v i i e e

Cosmic-ray abundance . . . . . ... ... ... ... .......

1.2 Cosmic-ray production and acceleration mechanisms . . . . . ... .. ..

1.3 Cosmic-ray propagation mechanism . . . . . . . . .. .. ... ......

1.3.1
1.3.2

Cosmic-ray propagationmodels . . . . . ... ... ... .....

Cosmic-ray residence time and radioactive cosmic rays . . . . . . .

1.4 AMS measurements . . . . . . . .. ..o e e e

1.4.1
1.4.2

Positron and antiproton fluxes . . . . . . ... .. 0oL

Cosmic-ray nuclei fluxes . . . . .. ... ... ... ... .....

2 The Alpha Magnetic Spectrometer
2.1 The AMS-02detector . . . . . . . . . . . . . e

2.1.1
2.1.2
2.13
2.14
2.15
2.1.6
2.1.7

Permanent Magnet . . . . . ... ... oL
Silicon Tracker . . . . . . . . . . .. .. ... .. ... .. ...,
Time of Flight counters (TOF) . . . . . . ... ... ... .....
Transition Radiation Detector (TRD) . . . . . ... ... ... ..
Ring Imaging Cherenkov counter (RICH) . . . . . ... ... ...
Electromagnetic Calorimeter (ECAL) . . . .. .. ... ... ...
Anti-Coincidence Counters (ACC) . . . ... ... ... .....

2.2 Triggerlogic . . . . . . . . e

22.1
222

Fasttrigger (FT) . . .. . . . . . . . ... ... .. ... ...
Level-1 trigger . . . . . . . . . . . .

xiii

xvii

0 0 A AN =

10
13
13
15



Table of contents

2.3 Dataacquisition (DAQ) . . . . . . . . . .. 34
24 The AMS OperationinSpace . . . . . . . . . ... ... ... 36
24.1 Thermalcontrol. . . . . . . .. . ... ..o 36
2.4.2 The Earth’s magnetic field . . . ... ... .. ... ....... 37
2.4.3 AMS operation and data transmission . . . . . .. ... ... ... 38
2.5 Monte Carlo simulation MC) . . . . ... ... ... ... ........ 39

Cosmic-ray magnesium nuclei flux measurement with the AMS experiment 41

3.1 Analysis framework . . . . ... ..o 41
3.1.1 Fluxformula . .. ... ... .. ... ... .. ... 41
312 AMSDataand MC . . . . . . ... .o o 43
3.1.3 Acceptance geometries . . . . . . . ... 44
32 EXposure time . . . . . . . . .. .. e e e e 44
3.3 Event Selection and Event Counts . . . . . .. ... ... ......... 46
33.1 Eventselection . . . . ... ... ... ... ... 46
332 Background . . . . .. ..o 48
3.3.3 Data Acquisition (DAQ) efficiency . . . . . . ... ... ... ... 53
3.4 Effectiveacceptance . . . . . . . . . . ... 56
3.5 Data/MC corrections . . . . . . . oot i i e e e e 58
35.1 LlIBZefficiency . .. .. ... ... ... .. .. .. 59
35.2 Llpickupefficiency . . . .. ... ... ... ... ... ... 60
3.5.3 Inner Trackerefficiency . ... ... ... ... ... .. ..... 62
3.54 TOF chargeefficiency . ... ... ... ... ... ... ..... 65
3.5.5 LO9efficiency for FSstudy) . . .. ... ... ... ... ..... 68
3.5.6 Triggerefficiency . . . . . . . ... . Lo 68
3.5.7 Overall correction . . . . . ... ... ... 71
3.6 Rigidity resolutionunfolding . . . . . . . .. ... ... ... 73
3.6.1 Rigidity resolution function . . . . ... ... ... ... ..... 73
3.6.2 The LlInner and FS combined forward unfolding . . . . . . .. .. 75
363 Mgunfoldedflux . . . ... ... ... ... L. 79
3.7 Mg nuclei survival probability . . . . ... ... L L oL 79
3.7.1 LI1-L2 survival probability . . . . .. ... ... ... ... .... 81
3.7.2 L8-L9survival probability . . . . ... .. ... ... 84
3.7.3 Flux normalization correction . . . . . . . .. .. ... ...... 94
3.8  SystematiC €rrors . . . . ... ... e e e e 97
3.8.1 Absoluterigidityscale . . .. ... .. .. ... ... ... ... 97

3.8.2 Resolutionfunction . . . . . . . . . . . ... 98



Table of contents xi

3.8.3 Unfolding procedure . . . . ... ... .. ... ... ....... 98
3.8.4 Geomagneticcutoff . . . . .. ... oL oo 101
3.8.5 Acceptance calculation . . . . . ... ... Lo 101
3.8.6 Totalerrorof Mgnucleiflux . . . .. ... ... ... .. ..... 104
3.9 Mgnuclei fluxresult . . . .. ... L Lo 106
39.1 85yearsMgnucleiflux . . .. ... ... ... ... 106
3.9.2 Comparison to the published result . . . . . ... ... ... ... 107
3.9.3 Discussion of the Mg nuclei flux result . . . . .. ... ... ... 110
4 Cosmic-ray Aluminum nuclei flux measurement 115
4.1 Event Selection and EventCounts . . . . . .. ... ... ......... 115
4.2 Effective acceptance . . . . . . . . ... ..o 121
4.2.1 MCeffectiveacceptance . . . . . . . . . . .. v ot 121
422 Data/MC corrections . . . . . . . oot v it 121
43 Unfolding . . . . . . . . . . . e 128
4.4 FIUXerror . . . . . . . v i it e e e e e e e e e 128
45 Alnucleiflux . .. .. ... .. .. 132
451 8S5yearsAlflux . . ... .. ... ... 132
4.5.2 Discussion of the Al nuclei fluxresult . . . . . ... ... ... .. 133
S Cosmic ray age and Be/B and Al/Mg flux ratios: a feasibility study 139
5.1 Introduction . . . . . . . . . . . ... 139
5.2 Extracting f from the Be/B fluxratio . . . . ... ... ... .. ...... 143
52.1 Cosmic-ray grammage X, ;. . . « « « o v o e vv e 143
5.2.2 Decay suppression factor fg, . . . . .. ... 148

5.3 A preliminary analysis of extracting the 26 A1 decay suppression factor from
the Al/Mgfluxratio . . . . . . . . . ... L 151
6 Conclusions and outlook 163
References 165
Appendix A Cosmic-ray isotopic composition data 179
Appendix B Nuclei fragmentation cross section data 181
B.1 B (and ghost C) cross sections . . . . . . . . . . .. . ... 181
B.2 Becrosssections . . . . . . . ... e 183

B.3 Al (and ghost nuclei) cross sections . . . . . . .. .. ... 184



xii Table of contents

B.4 Mg (and ghost Na) cross sections . . . . . . . . . .. ... .. ....... 186
B.5 F(and ghost O and Na) cross sections . . . . . .. ... .......... 189



List of figures

1.1
1.2
1.3
1.4
1.5
1.6
1.7

2.1
2.2
2.3

24
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13
2.14

3.1
3.2
3.3

Differential energy spectrum of all cosmic ray particles . . . . .. ... ..

Relative abundances of the elements . . . . . . . . . . . . ... ... ...

Schematic of cosmic-ray galactichalo . . . . ... ... ... ....... 8
Current measurements of '°Be/’Be and 2°Al/?” Al flux ratio measurements . 12
The AMS positron and antiproton spectrum . . . . . . . . . . . ... ... 13
AMS results on the He-C-O, and Li-Be-Bfluxes . . . . . . ... ... ... 16
AMSresultsonthe Nfluxes . . . .. ... ... ... ... .. ...... 17
The layout of AMS detector and its main elements . . . . . . .. ... ... 20
The AMS magnet . . . . . . . . . . ... . 21
Schematic of the AMS tracker and the alignment stability of Tracker L1 and

L0 e 22
Schematic of the measurement principles of Silicon Tracker . . . . .. .. 23
The AMS magnet . . . . . . . . . . . .. 24
Time of Flight counters (TOF) . . . . ... ... ... ... ....... 25
Charge measured by TOF and Tracker . . . . . ... ... ... ...... 26
Schematic of the TRD working principle . . . . . . ... ... ... ... 27
Proton rejection powerof the TRD . . . . . . ... .. ... ... ... .. 28
The AMS RICH detector . . . . . .. .. ... ... .. ... .. ..... 29
Electromagnetic Calorimeter (ECAL) . . . ... ... ... ... ..... 30
Anti-Coincidence Counters (ACC) . . . . . . . . . . ... . ... .... 31
AMS data acquisition (DAQ) system . . . . . . . ... ... 35
The maximum geomagnetic cutoff as a function of geographic latitude and

longitude . . . . . . . .. 38
Mg flux measured by earlier experiments . . . . . . . . ... ... ... .. 42
Schematic view of the L1Inner and FS geometries . . . . . . ... ... .. 44

The AMS-02 8.5 years exposure time . . . . . . . . . . . . . . oo ... 46



Xiv List of figures
3.4 Mg 8.5 years event counts and eventrates . . . . . ... ... ... 49
3.5 L2 charge distributions and PDFs forMgand Al . . . . . . ... ... ... 51
3.6 MgLltemplatefit . . . ... .. ... ... .. .. .. .. .. ... 51
3.7 Mg below L1 background and L.1 charge cut inefficiency . . ... ... .. 52
3.8 Flux ratios and effective acceptance ratios between Si, Sand Mg . . . . . . 53
3.9 Mg top of the instrument background . . . . . .. ... ... L. 54
3.10 Mg DAQefficiency . . . . . . . . .. 55
3.11 Geometric acCeptance . . . . . . . . . v o i e e e e e e 57
3.12 Ratio of the geometric acceptance . . . . . . . . . . . .. .. ... ... 57
3.13 Mg MC effective acceptance . . . . . . . . . . .. .. .o 58
3.14 MgL1BZefficiency . . . ... ... .. ... ... ... ... 61
3.15 Mg L1 pick-upefficiency . . . . ... ... ... ... ... .. ... 63
3.16 Rigidity estimator constructed fromTOF g . . . . . ... ... ... ... 64
3.17 Rigidity estimator constructed from the maximum geomagnetic rigidity cutoff 65
3.18 Mg Inner Trackerefficiency . . . . . .. ... ... ... ... .. ..... 66
3.19 Mg TOF chargeefficiency . . . . ... .. .. ... ... ... ...... 67
3.20 Mg L9 efficiency for FS geometry . . . . . ... ... ... ... ..... 69
3.21 8.5 years Mg triggerefficiency . . . . . ... ... .. ... ... ... 71
3.22 Mg overall Data/MC efficiency correction . . . . . . . .. ... ... ... 72
323 Mgraw flux . . . . . . . L 73
3.24 Mg rigidity resolution function . . . . . ... ... oL 75
325 MgMDR . . . . 76
326 Mgfoldedrates . . . . . . . . . . . . 78
3.27 Mgunfolding factor . . . . . . .. ... 79
3.28 Mg unfolded L1Innerand FS fluxes . . . . . ... ... ... ....... 80
3.29 The Inner Tracker charge distribution with L1 charge selection . . . . . . . 82
3.30 L1 charge distribution for samples from Z=8toZ=16 . . . . . . . ... .. 83
3.31 The contamination in Mg L1 charge sectionrange . . . . . . .. ... ... 83
3.32 Mg L1-L2 survival probability . . . . ... ... ... ... ... ..... 84
3.33 Mgunbiased L9charge . . . . .. ... ... .. ... ... ... ... 87
3.34 ECAL deposited energy vs Z LR 88
3.35 Ratio of number of events (N 5/N rponMIPsample. . . ... ... 89
3.36 The selection efficiency of O > 11.5 . . . . . . ... ... ... .. .... 90
3.37 The ratio between the number of incoming and outgoing Mg nuclei for L1Inner

and MIPsamples . . . . . . . . . .. 91
3.38 Mg L8-L9 survival probability forMCandData . . . . . .. ... ... .. 92



List of figures XV

3.39
3.40
3.41
342
343
3.44

3.45
3.46
3.47
3.48
3.49
3.50
3.51
3.52
3.53
3.54
3.55

3.56
3.57
3.58
3.59
3.60

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12

Mg MC/Data L8-19 survival probability ratio . . . . . . .. ... ... .. 93
Error on the Mg MC/Data 1.8-19 survival probability ratio . . . . . . . . .. 93
Survival probabilities between different part of the AMS detector . . . . . . 95
The ratios of material amounts . . . . . . .. ... ... L. 95
Ratio of MC to Data L1 to L2 survival probability for Mg nuclei . . . . . . 96

MC to Data ratio of top-of-the-instrument to L8 survival probability for Mg
nuclei . . ..o 97
Relative systematic error due to the uncertainty on the absolute rigidity scale 99

Relative systematic error due to the rigidity resolution function . . . . . . . 100
Relative systematic error due to the unfolding procedure . . . .. ... .. 102
Systematic error due to geomagnetic cutoff safety factor . . . . . ... .. 103
Error due the Data/MC efficiency ratio . . . . . . . ... ... ... ... 104
Mg nuclei flux error break down . . . . . ... oo 105
8S5years Mgnucleiflux . . ... ... ... oo 106
Mg nuclei flux as a function of kinetic energy pernucleon. . . . . . . . .. 107
TyearsMgnucleiflux . .. ... ... ... ... .. .. .. 108
Comparison of Mg flux between 8.5 years and 7 years results . . . . . . . . 109
Comparison of 7 years Mg flux resulting from independent analysis per-

formed at three independent analyses . . . . . . .. ... ... .. ..... 109
The primary and secondary components of Mg nuclei flux . . ... .. .. 111
Mg, Si fluxes and Si/Mg fluxratios . . . . . . . . . ... ... 112
Si/Mgfluxratios . . . . . . . . . . . . e 112
Mg and O fluxes and Mg/O fluxratio. . . . . . .. .. ... .. .. .... 113
Mg/O fluxratio . . . . . . . . . . 114
Al 8.5 years event counts and eventrates . . . . . . .. .. .. ... ... 117
AlLl template fit . . . . . . .. .. ... 118
Albelow L1 background . . . . ... ... ... ... ... ..... 119
Al Tracker L1 charge cut inefficiency . . . . . . ... ... .. ... .... 119
Al top of the instrument background . . . . . ... .. ... ... .. ... 120
AlDAQefficiency . . . . . . ... 121
Al MCeffectiveacceptance . . . . . . . . . . . . . v v 122
Al Inner Tracker reconstruction efficiency . . . . .. ... ... ... ... 124
Al Inner Tracker charge efficiency . . ... ... ... ........... 125
Composition of Al TOF charge efficiency sample . . . . . ... ... ... 126
Al TOF charge Data/MC efficiency ratio . . . . . .. ... ... ...... 127

Al triggerefficiency . . . . . . .. ... L 128



Xvi List of figures
4.13 Al overall Data/MC efficiency correction . . . . . . . . ... ... ..... 129
414 AIMDR . . . . . . e 130
4.15 Alunfolding factor . . . . . . .. . . .. ... .. 130
4.16 Alunfolded L1Innerand FSflues. . . . . . . ... ... ... ... .... 131
4.17 Alflux errorbreakdown . . . . . .. ... ... oo 132
4.18 85years Alnucleiflux . . . . ... ... oo 133
4.19 Al flux as a function of kinetic energy pernucleon . . . . . . ... .. ... 134
4.20 Comparison of 8.5 years Al nuclei flux resulting from four independent analysis 134
4.21 Al flux fit to he weighted sumof Siand Ffluxes . . . . .. ... ... ... 135
4.22 The fractions of primary and secondary components of Al flux . . . . . .. 136
5.1 AMSfluxratios . . . . . . . .. 145
5.2 The spectral index of AMS fluxratios . . . . ... .. ... ........ 146
53 X,derivedfromBandBe ... ... ... ... ... 149
5.4 Be/B flux ratio and the ratio in the limit of infinite decay time . . . . . . . . 149
5.5 The decay suppression factorof 'Be . . . .. ... ... ... .. 150
5.6 The Ca flux measured by other experiments together with the rescaled S

nuclei fluxes measured by AMS . . . .. ..o oo 154
5.7 The P, Ar fluxes measured by other experiments together with the rescaled

S nuclei fluxes measured by AMS . . . . . ... Lo 154
5.8 Flux ratios to Si for Mg, AL, P, S, Ar,CaandFe . ... ... ........ 155
59 X,derivedfromBandF . ... ... 156
5.10 The weight factors r of >’ Al, >*Mg,>>Mg, and Mg . . . . . .. . ... .. 157
5.11 Al/Mg secondary component flux ratio and the ratio in the limit of infinite

decay time . . . . . . . . . ... e 158
5.12 Comparison between X esc% withl ... ... .. .. 000000 160



List of tables

1.1

5.1

A.l

B.1
B.2
B.3
B.4
B.5

Decay half-lives of the cosmic-ray clocks . . . . ... .. ... .. .... 11
The availability of the ingredients for extracting f from Al/Mg . . . . . .. 153

Isotopic composition of the most abundant cosmic-ray nuclei from Be to Fe. 180

Fragmentation cross sections for B production. . . . . .. ... ... ... 181
Fragmentation cross sections for Be production. . . . . . .. ... ... .. 183
Fragmentation cross sections for Al production . . . . ... ... ... .. 185
Fragmentation cross sections for Mg production. . . . . . ... ... ... 187

Fragmentation cross sections for F production. . . . . . .. ... ... ... 189






Chapter 1

Introduction to Cosmic Rays

1.1 Cosmic rays

Cosmic Rays are energetic particles that originated in outer space. They mainly consist of
ionized atomic nuclei, ranging from the proton, helium to the heaviest elements. Cosmic rays
also include a small fraction of photons, neutrinos, electrons, positrons, and antiprotons.

Ever since the discovery of cosmic rays by Victor Hess in 1912 [1], an enormous num-
ber of experiments have been performed with different techniques, including direct mea-
surements with instruments on balloons (ATIC [2], BESS [3], CREAM [4], TRACER [5]...)
satellites (HEAO [6], PAMELA [7], FERMI [8], DAMPE [9] ... ), space shuttles (CRN
[10], AMS-01 [11]) and space station (CALET [12] and AMS-02), and indirect measure-
ments such as underground-based (BOREXINO [13], GALLEX [14]...) and ground-based
experiments (HESS [15], HAWC [16]..).

Historically, cosmic rays led to the discovery of the positron (e*) [17], muon (u) [18],
pion (x) [19], kaon (K) [20], and many baryons such as A [21], and E [22]. Nowadays,
cosmic rays are still a unique tool to probe new physics, new phenomena, and to search
for unknown particles. Cosmic rays could also reveal the properties of their astrophysical
sources, and the interplanetary environment through which they propagated. However, with
more than 100 years of effort, the question of cosmic rays production, acceleration, and
propagation mechanism remains unresolved.

With the new generation of ongoing and proposed experiments, the mystery of cosmic
rays will eventually be revealed in the near future: the multi-messenger astronomy, utilizing
signals of electromagnetic, gravitational, weak and strong forces, will probe the physics of
transient phenomena in astrophysical sources; the ground-based cosmic-ray measurements
from LHAASO [23], Pierre Auger Observatory [24], etc., will allow searching for the new

phenomena of cosmic rays in energies from about 100 GeV to above PeV; the space-based



2 Introduction to Cosmic Rays

observations from DAMPE, CALET, AMS-02, etc., have been performing the direct and
precise measurement of cosmic rays in energies between GeV to TeV.

The Alpha Magnetic Spectrometer (AMS-02) is a multipurpose magnetic spectrometer
designed to measure the charge, momentum, rigidity, and flux of charged cosmic rays up to
the TeV region. With its long duration and large acceptance, AMS is able to measure the
fluxes of cosmic rays with unprecedented precision, and thus shed light on the unresolved

questions.

1.1.1 Cosmic-ray spectra

Figure 1.1 shows the differential flux of the all-particle as functions of kinetic energy. As
seen, the flux mainly consists of nuclei, which are dominant by proton p (Section 1.1.2). It
also has a small fraction from photons (y), electrons (e~), positrons (e™), antiprotons (p),
and neutrinos (v and v). The energy spectrum spans the energy range from below 1 GeV to
above 100 EeV, and intensity range from above 1particle - cm™% - s~' - sr~! (at ~ 100 GeV)
to below l1particle - km™2 - century ! - sr~! (at ~ 100 EeV). And in the energy region above
~ 10 GeV, the energy spectrum of the cosmic-ray charged particles can be roughly described
by a power-law distribution: N

(E) = & ~ E™ (L.1)
where « is the spectral index. The spectrum power-law regularity is broken in few regions
including the knee at ~ 3 PeV and the ankle at ~ 5EeV; a ~ 2.7 for energy between
~ 10GeV to the knee, a ~ 3.1 between the knee and Ankle, and @ ~ 2.6 beyond the ankle
up to ~ 30EeV [26].

At energies below ~ 10 GeV, cosmic-ray fluxes are distorted and show significant time
variations anti-correlated to the solar activity. The phenomenon, known as solar modulation,
is due to the fact that the propagation of charged particles near the solar system is impeded
by the heliospheric magnetic field carried by the solar wind [27].

At energies above ~ 100 TeV, cosmic rays can only be measured indirectly since the
intensity of cosmic-ray flux is too low. In this range, cosmic rays have enough energy to
create cascades by interacting with the atmosphere, therefore they can be measured by the
extensive air showers with ground-based experiments. These experiments have revealed that
the very-high-energy particles (energy above ~ EeV) certainly originated from extra-galactic
sources [28].

This thesis focuses on the energy range between GeV to few TeV, in which cosmic rays
are directly measured by stratospheric balloons and space experiments. Cosmic-ray spec-

tra can be directly measured in kinetic energy per nucleon or rigidity, which is defined as
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momentum (p) per unit charge (Z) or the gyroradius (r; ) multiplied by the magnetic field
strength (B):

p
R=L = B 1.2
= =ry ( )

The calorimeter-based detectors such as HEAO and DAMPE measure the spectra in ki-
netic energy per nucleon, which is approximately conserved during the fragmentation pro-
cess. While the magnetic spectrometers such as PAMELA and AMS are able to measure the
rigidity. The cosmic rays are accelerated and propagated through cosmic magnetic fields.
Regardless of species (charge and mass), the relativistic particles (rigidity above a few GVs)
with the same rigidity will have the same trajectory in the magnetic field, so measurements
of cosmic-ray spectra as a function of rigidity allow a more straightforward extraction of the
cosmic-ray key parameters. AMS is currently the only experiment able to directly measure
the charged cosmic-ray particles up to nickel nuclei (Z=28) as a function of rigidity and up
to few TVs.

1.1.2 Cosmic-ray abundance

Figure 1.2 shows the relative abundances of the elements from H to Cu nuclei in the solar
system and in cosmic rays measured by stratospheric balloons and space experiments [29].
Overall, the two distributions have similar odd-even variation structure due to the fact that
the odd nuclei are generally less stable than the even ones. However, for Li, Be, B, F and
sub-iron nuclei (Sc, Ti, V, Cr, Mn), the relative abundances in cosmic rays are significantly
higher than those in the solar system. The phenomenon is attributed to the fact that Li-Be-B,
F and sub-iron nuclei are produced by the collisions of heavier elements with the interstellar
medium.

Cosmic-ray elements such as p, He, C, O, Ne, Mg, Si and Fe, which are mostly produced
by the astrophysical sources, are called primary cosmic rays. While Li, Be, B, F and sub-
iron elements, which are produced by the collision of primaries with the Interstellar Medium
(ISM), are called secondary cosmic rays. Some other elements such as N, Na and Al are
mixtures of primary and secondary cosmic rays [30, 31].

Precise knowledge of the primary and secondary cosmic rays provide important insights
into the production, acceleration and propagation mechanism of cosmic rays. Furthermore,
the rigidity dependence of some secondary radioactive isotopes such as Beryllium-10 ('Be)
and Aluminum-26 (*°Al), and the ratio of flux between the decaying nuclei elements and
their products, so-called the decaying charge to decayed charge flux ratios, such as Be/B
and Al/Mg provide important constraints to current propagation scenarios, which will be

discussed in Section 1.3.
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measured by stratospheric balloons and space experiments. Taken from [29]
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1.2 Cosmic-ray production and acceleration mechanisms

The production and acceleration mechanisms of cosmic rays are still open questions to be
solved. By now, the most compelling scenario is that the bulk of the cosmic rays with energy
below the 10'° eV originates from supernova explosions in the Galaxy, and accelerated by

the supernova remnants (SNR).

Cosmic-ray production

While sources like pulsars, gamma-ray bursts and microquasars are possible to contribute to
cosmic rays at some level, the supernova is clearly the source of bulk of cosmic rays based
on several reasons [32—-34]:

e supernovae are the only known source in the Galaxy with sufficient energy to power

cosmic rays.
e the ejecta materials of supernovae have similar compositions to cosmic rays.

e observations from X-ray and y-ray telescopes show that y-ray emissions are associated

with cosmic-ray electrons and ions.

e the observed cosmic-ray fluxes have a spectral index of ~ 2.7, requiring the sources
to inject cosmic rays into ISM with a spectral index larger than 2. The SNR acceler-
ation mechanism can naturally produce the particle spectrum following a power-law
distribution with a universal slope identical to 2. And given the fact that a fully self
consistent scenario of the cosmic-ray acceleration and escaping from SNR shocks is
still missing, many explanations can also produce a spectral index larger than 2 within
the SNR framework.

Cosmic-ray acceleration

The cosmic rays are believed to be accelerated by the diffusive shock acceleration in Super-
nova Remnants (SNRs) in the Galaxy [33, 35]. A wealth of observations from the X-ray,
y-ray and Cherenkov telescopes [36—38, 33] has identified the photon radiation produced
by the accelerated cosmic ray in SNRs, which makes the SNRs acceleration mechanism the
most observationally supported scenario by far.

A SNR is produced by supernova explosion, it consists of material ejected in the explo-
sion itself, and also from the interstellar medium (ISM) which was swept up by the shock
wave of the explosion. The evolution of the supernova remnant is divided into three phases
[39, 40]:
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1. Free expansion phase: the first shock wave produced by the explosion expands in the

ISM freely. Behind the shockfront, a shock in the reverse direction is formed.

2. Sedov-Taylor phase: the mass of the ISM swept up by the reverse shock continues to
increases, the temperature of interior of the SNR also increase. The atoms are ionized
so the ionizing radiation energy loss becomes not possible. The magnetic field inside
the SNR shell is also enhanced. At a certain temperature point, heavy elements start

to from due to recombination and the shock wave starts to cool down.

3. Cooling phase: the expansion slows down, and with more interstellar gas accumulated,
the SNR shell breaks up into clumps.

The cosmic rays are mostly accelerated in the second phase of the SNR evolution [39] by
diffusive shock acceleration.

The diffusive shock acceleration, also known as first-order Fermi mechanism, is based
on the idea that the charged particles gain energy when scattering by fluctuations in the
magnetic field [41, 42]. When a charged particle reflects back and forth between magnetic
structures upstream and downstream of the shock, it gains energy as if it was squeezed be-
tween converging walls. With multiple reflections, the particle is accelerated rapidly. And

the resulting differential energy spectrum follow a single power law d_N x p~’r, where Yp

is the spectral index of the spectrum in momentum which can be calculated from [43]:

_ 3Ry

2 (13)
where Ry is the compression ratio of the shock which can be determined from the strength
of the shock. For strong shocks, the index of the energy spectrum is calculated as yp = 2
[43].

The diffusive shock acceleration in SNRs naturally produce universal power-law with a
spectral index identical to 2. Among all the proposed cosmic rays acceleration mechanisms,
it is the most promising one. However, as mentioned, a fully self consistent scenario of
the cosmic-ray acceleration and escaping from SNR shocks is still missing and the observa-
tion requires SNRs to inject cosmic rays into ISM with a spectral index larger than 2. This
discrepancy is possible to be reconciled by adjusting the model within the SNR framework
[34].
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1.3 Cosmic-ray propagation mechanism

The cosmic-ray production and acceleration mechanism result in a widely accepted paradigm
of galactic cosmic rays called SNR paradigm. The SNR paradigm describes that the primary
cosmic rays are accelerated through the diffusive shock acceleration in SNR, and propagate
diffusively through the ISM in the galactic magnetic field. The secondary cosmic rays are
produced during collisions of the primaries with ISM, and they also propagate in ISM after
being produced.

Models such as diffusion model and leaky box model have been proposed to understand

the cosmic-ray transportation mechanism.

1.3.1 Cosmic-ray propagation models
The diffusion model

Cosmic-ray propagation is described as diffusion of energetic charged particles through
galactic magnetic fields As shown in Figure 1.3, in this approach, the region where cos-
mic rays propagate in the Galaxy is a flat halo which has a simple cylindrical geometry with
aradius R and height 2xH, the cosmic-ray sources are distributed within a thin flat disk lo-
cated at the center. The model assumes that charged cosmic rays diffuse in random magnetic
fields, which results in a high cosmic-ray isotropy and relatively long confinement time in
the Galaxy. And it also assumes that at the boundary of halo (height H of the halo), cosmic

rays no longer diffuse but escape freely.

2h Sun

Fig. 1.3 Schematic of cosmic-ray galactic halo with the Sun location indicated. Taken from
[44]
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The cosmic-ray propagation can be described by a continuity equation which has the

following form [45]:

oy (7, p, 1) - = = -
% = q(r,p, )+ V- (D, ,Vy = V)
0 o, 01 .. D= 2 1 1
+—p*D, ——w — —[py —=(V-Vy)] - —y — — 1.4
op” P app2w ap[pu/ 3( w)] tfu/ trt// (1.4)

where y (7, p, t) is the density per unit of total particle momentum for a particular cosmic-ray

species. The terms on the right hand side include:

e ¢(7,p,1) is the source term for both primary and secondary cosmic rays. It consists
of contributions from primary, spallation, and decay. Spallation and decay processes
also happen during cosmic-ray propagation. As mentioned, the injected spectrum into

ISM follows a single power law dg/dp < p~’».

e D, is the spatial diffusion coefficient due the random walk along magnetic filed lines.
It is related to the spectrum of interstellar turbulence and can be calculated from D, ~
Bp°, with the spectral index of turbulence § varies according to model predictions.

e V is the convection velocity caused by the galactic wind, and V-V describes adiabatic

momentum gain or loss in the nonuniform gas flow.

e D,, is the momentum-space diffusion coefficient which determines the diffusive re-
acceleration. The diffuse re-acceleration is due to the particles gaining or losing mo-
mentum during the spatial diffusion in ISM. Therefore, D,,, is related to D, by

2
D,,D,, «p~.

e pis the momentum gain or loss due to interactions such as ionization, bremsstrahlung,

synchrotron, inverse compton and so on.

e 1 1s the timescale for loss by fragmentation, it depends on the energy-dependent spal-

lation cross sections and ISM density.
e 1, is the timescale for radioactive decay

the boundary condition y = 0 is assumed at the boundary of the galactic halo (z =| H |).
The calculation of the transport equation involves hundreds of isotope fragmentation and

transformation channels describing the interactions with the ISM during cosmic-ray propa-

gation. Many efforts have been made to solve the equation analytically in some simplified

cases [44, 46, 47]. Some full-scale numerical or semi-analytical models such as GALPROP
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[48], DRAGON? [49], Picard [50] and USINE [51] have been developed to solve the Galac-
tic cosmic-ray propagation. Among these, GALPROP [48] code can numerically solve the
transport equation using model in three dimension with cylindrical symmetry in the Galaxy,
and provide a unified framework for interpretations of many types of cosmic-ray data [52].

Leaky box model

The leaky box model is an extremely simplified version of the diffusion model. It assumes
that the boundary of the cosmic-ray propagation volume has a strong reflection, and the

cosmic-ray particle has finite probability per unit time (1/¢,,,.) to escape during the encounter

esc
with the boundary. Therefore, in this model cosmic rays oscillate in the fixed volume and
have a uniformly distribution, and they slowly leak out from the boundary.

The leaky box model uses a steady-state formalism (dy/dt = 0) and replace the diffusion
) through the ISM for

the escape of cosmic rays [53]. This model can be analyzed analytically and it is character-

term in Equation 1.4 with a phenomenological mean path length (4,,,

ized only by 4,,. which is to be determined by experimental data. The cosmic-ray residence
time (or cosmic-ray age, confinement time) ¢, in the galaxy , i.e. the time the cosmic rays
spend in the Galaxy before escape, is calculated as
A

esc (1 .5)

t -
M- njgpPe

ose =
where M is the mean atomic weight of the ISM, n; g, is the mean ISM number density, fc
is the velocity of galactic cosmic rays in the ISM.

The leaky box model is a good approximation to the diffusion model for stable nuclei.
However, the two types of models give different results for some cosmic-ray properties such
as the residence time 7, [54, 55]. Experimentally, 7,,. can be extracted from the surviving
fractions of radioactive cosmic rays. Thus the survival fractions of radioactive cosmic rays

obtained from data can be used to distinguish between different propagation models.

1.3.2 Cosmic-ray residence time and radioactive cosmic rays

Cosmic-ray residence time is estimated to be of the order of Myr. Some of the secondary
cosmic-ray isotopes created by fragmentation during the propagation of primary cosmic rays
are radioactive. Among these, as shown in Table 1.1, mBe, 26Al, 36Cl, and >*Mn , the so-
called cosmic-ray clocks, have half-lives of the same order of magnitude as the cosmic-ray

residence time. Comparing the measured survived fraction of these isotopes with what would
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Table 1.1 Decay half-lives of the cosmic-ray clocks [56]

Nucleus | Daughter | Decay mode | Half-life (error)
DBe B B 1.51Myr(0.06)
- %gMg e capture 4.08Myr(0.15)
AL (%)

Mg gt 0.91Myr(0.04)

fgS e capture 15.84Myr(0.11)
e

SOAr p 0.307Myr(0.002)
“ 24Cr e capture 312.3d(0.4)
25Mn

>¢Fe p 0.494Myr(0.006)

) the e capture decay mode can be neglected for 2°Al and *°Cl

be expected if these isotopes were stable, the cosmic-ray residence time ¢,,. can be derived

esc
within the context of cosmic-ray propagation models.

Figure 1.4 shows the compilations of measurements of 'Be/’Be and 2° Al/?” Al flux ratios
[57, 58]. The isotopic fluxes are measured below 1 GeV/n with statistical error typically
calculated from '°Be/’Be
and 2 A1/>” Al flux ratios yield 7,,, = 15.0 + 1.6 Myr within a leaky box model interpretation
[59], and 7,,. ~ 100 Myr within diffusion models interpretation [45, 60].

Present-day experimental techniques can’t yet provide sufficient mass resolutions for the

larger than 25%. In this limited situation, the residence time ?,,,

measurements of cosmic-ray isotopes such as '°Be and 6Al at energy above ~ 10 Gev/n.
Therefore the energy dependence of the residence time can’t be obtained with the isotopic
ratios. However, this experimental limitation can be overcome extracting the surviving frac-
tion of °Be and 2°Al, from the Be/B and Al/Mg decaying charge to decayed charge flux
ratios, allowing to extend direct measurements up to TV, and thus providing complemen-
tary information on the energy dependence of the residence time. Chapter 5 will focus on
this topic.
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Fig. 1.4 Current measurements of Beryllium-10 to Beryllium-9 (1°Be/’Be, top plot) and
Aluminum-26 to Aluminum-27 (26A1/27A1, bottom plot) flux ratios. Taken from Cosmic-
Ray DataBase (CRDB) [57, 58]
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1.4 AMS measurements

Recent space-based experiments such as AMS have measured many different types of cos-
mic rays with significantly reduced uncertainties, which are pushing cosmic-ray physics in
the GeV to TeV range into a precision era. The AMS data have revealed several new and
unexpected features in the cosmic-ray spectrum, challenging the widely accepted cosmic ray
paradigm.

Several results published by AMS related to this thesis will be introduced.

1.4.1 Positron and antiproton fluxes

AMS has measured the spectra of anti-particle positron et and antiproton p in cosmic rays
with unprecedented accuracy [61-65]. Figure 1.5 shows the AMS positron and antiproton
spectrum scaled by E? as a function of energy E. Positron flux shows distinctive properties
[64, 65]: it deviates from a single power law and has a significant excess in the energy above
~ 25GeV, it is well described by the sum of a diffuse term at low energies and a new source
term at high energies, the cutoff of the new source term has a significance of more than 4¢.
By comparing with the antiproton flux, the positron flux is found to have similar behavior at

high energies. These observations may indicate the existence of a new source of high energy

positrons.
30 ] T 1 1 1 L
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Fig. 1.5 The AMS positron (red points) and antiproton (blue points) spectrum scaled by E’
as a function of energy. Taken from [65]
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The excess of positron flux at high energies is not compatible with the predictions of
the traditional cosmic-ray paradigm and has brought out numerous new physics models. To

generate the excess positrons, three possible explanations have been proposed:
1. annihilating or decaying dark matter particles
2. the new astrophysical sources such as pulsars

3. traditional source (SNR) with the modification in the acceleration or propagation mech-

anism.

The dark matter explanations have become less likely [66]. The most favored dark matter
candidate is weakly interacting massive particle (WIMP). To explain the excess positrons, a
much larger WIMP annihilation cross section value is needed, comparison to the reference
one constrained from experiments such as LUX [67], Panda-X [68], IceCube [69], Super-K
[70], etc. Moreover, the observation that the antiproton flux does not show an high-energy
excess would require a leptophilic WIMP, most dark matter models have been ruled out. In
addition, observations from y-ray telescope such as Fermi [71] and H.E.S.S. [72] are also
incompatible with most of dark matter models.

The leading explanation for the excess of positron flux is the new astrophysical sources
such as pulsars. Pulsar is a rapidly spinning, highly magnetized neutron star which gradually
converts its energy into y-ray emission and e~ e pairs. Pulsars have long been known as
one of the y-ray point sources, and some of them have been detected nearby. Photons with
energies above the threshold for pair production (1.02 MeV) are believed to be produced
by high energy e~ e* pairs. The positron excess can be easily explained by pulsars [73].
Studies [74, 75] have shown that the nearby pulsars such as Geminga and Monogem, could
produce positrons to explain the AMS positron observations. However, this explanation has
been challenged. The indirect measurement of the positron emission from the High-Altitude
Water Cherenkov (HAWC) experiment [76] revealed that the contributions of the positron
flux by nearby pulsars are much smaller than previously assumed, making pulsars unlikely
to be the source of positron excess. The future y-ray instruments such as the Cherenkov
Telescope Array (CTA) [77], has improved angular and energy resolutions, which will allow
studying cosmic-ray sources in more details, and therefore, test the pulsar hypothesis [34].

The third possible explanation is that the traditional source (SNR) with the modification
in the acceleration or propagation mechanism can account for the observed excess. Several
variants of traditional cosmic-ray propagation models have been proposed. For example,
Reference [78] proposed that secondaries positrons might be produced by the collision be-
tween protons in the same region where cosmic rays are accelerated, and they are accelerated
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by SNR before escaping into ISM. Reference [79] explains the observation by taking into
account the phenomena that a fraction secondaries can be produced within the acceleration
region and particles can be re-accelerated during propagation. And reference [80] proposed
that a propagation model can coincidentally explain the secondary origin of positrons, in
which the radiative losses can be neglected. Considering that secondary nuclei species are
also accelerated in SNR just like positrons, these cosmic-ray propagation models can be

examined with the secondaries to primaries fluxes ratios.

1.4.2 Cosmic-ray nuclei fluxes

Before the measurement of primary Mg flux in 2020, AMS has released the measurements
of Helium (He), Lithium (Li), Beryllium (Be), Boron (B), Carbon (C), Oxygen (O) and
Nitrogen (N) in the rigidity range ~ 2GV to ~ 3TV with unprecedented accuracy [81-
83, 65]. Among these, He, C, O are the most abundant primary cosmic ray nuclei, Li, Be,
B are the most abundant secondary cosmic ray nuclei, while N contains both primary and
secondary components.

Figure 1.6 shows the AMS results on the primary He-C-O, and secondary Li-Be-B fluxes
multiplied by R*7 as functions of rigidity above 30 GV. Several new properties of cosmic
rays have been observed: all the fluxes deviate from a single power law, exhibiting a spectral
hardening above 200 GV. The spectra of primary cosmic rays He C and O have identical
rigidity dependence above 60 GV. The spectra of secondary cosmic rays Li Be and B also
show identical rigidity dependence above 30 GV, but the rigidity dependences of primary
cosmic rays and of secondary cosmic rays are distinctly different.

Results form the precise measurements of the primary He-C-O, and secondary Li-Be-
B fluxes have challenged the widely accepted SNR paradigm (discussed in Section 1.2), in
which both the cosmic-ray spectra injected into the ISM (source term in Equation 1.4) and
the diffusion effect imposed on the spectra (diffusion coefficient in Equation 1.4) follow the
single power law. The spectral breaks at around 200 GV can originate either from the source
or during the propagation. The two competing scenarios can be examined with the secondary
to primary flux ratios since the secondaries are produced by the spallation of primaries during
the propagation [84]. However, due to the limitation of flux errors, large uncertainties in
spallation cross sections and limited knowledge of cosmic-ray propagation parameters such
as cosmic-ray escape time, which origin dominates the spectral break phenomena is not
clear yet. Reducing the flux uncertainties and obtaining precision measurements from more
cosmic-ray species will help to improve the understanding of Galactic cosmic rays [84].

Figure 1.7 shows AMS Nitrogen (N) flux together with the fit with the weighted sum of
two components: one describing the the primary contribution and the other describing the
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Fig. 1.6 AMS results on the primary He-C-O, and secondary Li-Be-B fluxes multiplied by
R*7 as functions of rigidity above 30 GV. The fluxes were rescaled as indicated. Taken
from [82]

the secondary contribution. The AMS measured Oxygen (O) and Boron (B) spectra have
been used as characteristic primary and secondary component respectively. As seen, N flux
is well described by the sum of a primary and a secondary component in the entire rigidity
range.

Magnesium (Mg) along with Neon (Ne) and Silicon (Si) are mostly primary cosmic-
ray nuclei heavier than Oxygen. And similar to Nitrogen (N), Aluminum (Al) nuclei are
expected to be a mixture of primary and secondary cosmic rays. Based on the new properties
observed from the precision measurements of light nuclei by AMS, one would wonder if the
heavier nuclei have similar behavior. Observations for Ne, Mg, and Si will be discussed in
Section 3.9 of Chapter 3, and observation for Al will be discussed in Section 4.5 of Chapter 4.
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from [65]






Chapter 2
The Alpha Magnetic Spectrometer

The Alpha Magnetic Spectrometer (AMS) is a multipurpose particle physics detector in-
stalled on the International Space Station (ISS) on May 19, 2011. As a unique magnetic
spectrometer in space, AMS has been continuously taking data and will operate on the ISS
for its entire lifetime. The physics objectives of AMS include the precise study of cosmic-ray
properties, searching for dark matter, antimatter as well as the exploration of new phenom-

cna.

2.1 The AMS-02 detector

The AMS-02 instrument consists of several sub-detectors to redundantly identify particles
(e”, e", p, p), nuclei, and anti-nuclei in space.

As seen in Figure 2.1, the AMS detector includes a permanent magnet, an array of Anti-
Coincidence Counters (ACC) and a series of sub-detectors to independently measure particle
charge (Z), energy (E), and momentum (P) or rigidity (R=P/Z). The sub-detectors include

e a Transition Radiation Detector (TRD),

e four planes of Time of Flight counters (TOF), of with two are placed above the magnet
(Upper TOF) and the other two are below the magnet (Lower TOF)

e a Ring Imaging Cherenkov counter (RICH)
e an Electromagnetic Calorimeter (ECAL)

e nine layers of Silicon Tracker, the first layer placed at the top of the detector, the second
just above the magnet and below the Upper TOF, six layers inserted inside the magnet
bore, and the last placed between RICH and ECAL.
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The AMS coordinate system is concentric with the center of the magnet. The x axis is
parallel to the main component of the magnetic field (Section 2.1.1), y axis points to the
bending direction and z axis points to vertically.

The detector weighs 7.5 tons and has the dimensions of 5m X 4 m X 3 m.

TRD z
identify e*, e

1L :‘II:..O"“‘
Magnet identify =2, P
i T

, M .
N L]

1 % =
e _hias

Silicon Tracker
measure Z, P

Fig. 2.1 The layout of AMS detector and its main elements and their functions, taken
from[65]. The sub-detectors including Tracker, TOF, RICH and ECAL independently mea-
sure particle charge (Z), energy (E) and momentum (P) or rigidity (R=P/Z). The ACC coun-
ters are used to reject particles entering the detector from the side. The AMS coordinate
system, concentric with the magnet, is also shown.

2.1.1 Permanent Magnet

The heart of the detector is the magnetic spectrometer, made by the permanent magnet and
seven Silicon Tracker layers inside magnet bore.
The permanent magnet consists of 64 high-grade Nd-Fe-B permanent magnet sectors

assembled in a cylindrical shell with the diameter of 1.1m and height of 0.8m. As seen
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Fig. 2.2 A picture of the magnet (left plot) which has a cylindrical shell structure of 0.8 m
long with an inner diameter of 1.115 m. And the arrangement of the AMS magnet and the

magnetic field direction produced by the 64 permanent magnets sectors (right plot). Taken
from [65].

in Figure 2.2, the arrangement produces a field of 1.4kG at the center of the magnet and
negligible dipole moment and field leakage outside the magnet. Together with nine layers
of Silicon Tracker, the magnet provides a maximum detectable rigidity (i.e., the maximum
rigidity that the detector can discriminate) of 2 TV for protons and 3.2-3.7 TV for nuclei
[65, 85].

The AMS coordinate system is naturally defined according to the geometry of the mag-
netic field, as mentioned, in which y axis points to the bending direction and z axis points to
vertically.

2.1.2 Silicon Tracker

The Silicon Tracker, together with the permanent magnet, measures particle charge (Z), mo-
mentum (P) and rigidity (R) which is the momentum divided by charge.

The Silicon Tracker consists of 9 tracker layers, each layer is made of 16 to 26 ladders
composed of double sided microstrip silicon sensors, readout electronics, and mechanical
support [86, 87]. As shown in Figure 2.3a, six layers ( L3 to L8) are mounted on 3 sup-
port planes placed inside the magnet bore. One layer, L2, is mounted on a support plane
placed just above the magnetic. Two Additional layers (L1 and L9), each mounted on its
own support plane are placed at the top (above TRD) and at the bottom (below ECAL) of
the detector respectively. L2-L8 is called the Inner Tracker. The stability of the planes of
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the Inner Tracker are monitored by 20 IR laser beams, and the positions of Tracker L1 and
L9 are aligned using cosmic ray protons every 2 minutes. Figure 2.3b and 2.3c¢ show the
alignment stability of L1 and L9 over seven years. As seen, the alignment stability is 2.2 um
for Tracker L1 and 2.3 um for Tracker L9.
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Fig. 2.3 (a) Schematic of the AMS tracker. The alignment stability of (b) Tracker L1 and (c)
Tracker L9 over seven years. Taken from [65].

The Silicon Tracker accurately determines the particle trajectory and charge by multiple
measurements of the coordinates and energy losses. The particle trajectory determines the
particle gyroradius. And the rigidity is determined by the particle gyroradius multiplied by
the magnetic field strength.

Figure 2.4 shows the schematic of the measurement principles in a double-sided micro-
strip sensor. With a biasing voltage applied on the sensor, a charged particle traversing the
sensor creates electron/hole pairs due to ionizing radiation. The electrons and holes are then
collected by n* strip (defined as the x-side in AMS convention), and p* strip (defined as
the y-side) receptively. The AMS-02 silicon double-sided micro-strip sensors are 300 ym
thick with the dimensions of 72.045 x 41.360 mm?. The signal collection depends on the
implantation and readout pitches which are placed on the surfaces of both x-side and y-
side strips. For the y-side strips, the implantation pitch is 27.5 ym, and the readout pitch
is 110 um, i.e., every three intermediate strips separate two readout strips. While for the
x-side strips, the implantation pitch is 104 ym, and the readout pitch is 208 um, i.e., every
two intermediate strips separate two readout strips. The x (non-bending) and y (bending)
coordinates are measured simultaneously by the sensor.

The y-side strips have a much finer implantation pitch compared to the x-side, which

allows a more accurate coordinate measurement in the bending direction (y direction), and
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Fig. 2.4 Schematic of the measurement principles of double-sided micro-strip sensor. Taken
from [88].

thus better determination of the rigidity. The spatial resolution is 5 — 10 gm in the bending
plane (y-z plane) and 13 — 20 ym in the non-bending plane (x-z plane) [89].

Moreover, the ionization energy losses deposited in the sensor are proportional to the
square of charge, hence the absolute value of charge is constructed from the deposited energy
measured by x- and y- side strips independently. By combining the charge measured by both
x- and y- sides, each layer has charge resolution (AZ/Z) of 2.9% for Z=12 (Mg) and 3.0%
for Z=13 (Al) nuclei in the region R > 7 GV. And then by combining the charge measured
by the six layers of Inner Tracker, the overall resolution is 1.1% for Z=12 (Mg) and 1.3% for
Z=13 (Al) nuclei [88].

The performance of Silicon Tracker resolution has been studied with both pre-flight at
test beams and in-flight calibrations [65]. Before the launch, AMS was extensively calibrated
at the CERN with 180 and 400 GeV proton test beams and 10 to 290 GeV positron, electron,
and pion test beams. The upper plot of Figure 2.5 shows the comparison between the Data
and MC of the inverse rigidity measured by the tracker for 400 GeV protons. The distribution
is centered at zero and shows that the Tracker performance is precisely reproduced by MC
both in the core and in the tails. During flight, the Tracker performance can be studied by
comparing the inverse rigidity measured with the Tracker L1 to L8, with that measured with
Tracker L2 to L9. The lower plot of Figure 2.5 shows the comparison between the inverse
rigidities measured with the Tracker L1 to L8 and Tracker L2 to L9 for the cosmic ray proton
for Data and MC in the rigidity between 1130 GV and 1800 GV. As seen, Data and MC are

in a good agreement.
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Fig. 2.5 Comparison of the Data and MC tracker resolution measured by the Silicon Tracker
with 400 GeV test beam protons (upper plot). Comparison of the Data and MC tracker res-
olution measured with the Tracker L1 to L8 and Tracker L2 to L9 for the cosmic ray proton
in the rigidity between 1130 GV and 1800 GV (lower plot). Taken from [65].
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The shift in the absolute rigidity scale due to the residual tracker misalignment and
Tracker magnetic field map measurement results in the inaccuracy of the calibration of rigid-
ity. The uncertainty of the absolute rigidity scale is one of the primary sources of the sys-
tematic error of the cosmic-ray nuclei fluxes measured by AMS, which will be discussed in
Section 3.8.1 of Chapter 3.

2.1.3 Time of Flight counters (TOF)

The Time of Flight counters (TOF) are composed of four layers of scintillator counters. Two
layers (Upper TOF) are placed above the magnet, and the other two layers (Lower TOF) are
placed below the magnet. As shown in Figure 2.6, each layer consists of 8 or 10 scintillating
paddles, readout by 2 or 3 Photo-Multiplier Tubes (PMTs) on each side to efficiently detect
the traversing particle. To avoid geometrical inefficiencies, neighboring scintillating paddles
with length of length of 110 ~ 135cm and thickness of 1cm are assembled with 0.5 cm
overlap.

Lower TOF

(c)
PMs Conical

r\ light guides ¢y ryed Scintillator

light guides

plastic /

Fig. 2.6 Time of Flight counters (TOF): (a) Upper TOF layer, (b) Lower TOF layer, (c) one
TOF scintillating paddle. Taken from [65, 90]

TOF measures the direction and velocity of particles by measuring the time difference be-
tween different scintillator layers when the particle passes through the detector. The velocity
p (i.e., v/c) of incoming particle is determined from the time of flight, and the upward-going

and downward-going particles can be distinguished with the time sequence of the signal
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produced in Upper TOF and Lower TOF. Charge can also be constructed from deposited
energy measured by four TOF layers. The TOF charge resolution (A Z/Z) was measured to
be ~ 1.8% for Al and Mg nuclei in the region R > 20 GV. Matching of charge measured
by TOF and Tracker allows the precision measurement of all nuclei fluxes up to and beyond
nickel (Z = 28). Figure 2.7 shows the nuclei charge measured simultaneously by TOF and

Tracker.
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Fig. 2.7 Charge measured by TOF and Tracker. Taken from [65]

TOF covers the detector’s geometrical acceptance, the coincidence of signals from all
four layers delivers the main trigger to the detector (Section 2.2).
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2.1.4 Transition Radiation Detector (TRD)

The Transition Radiation Detector (TRD) is placed at the top of the AMS detector between
Tracker L1 and the Upper TOF. It is mainly used to distinguish positrons from protons and
electrons and antiprotons from electrons with the transition radiation effect.

The TRD is composed by 20 layers of fleece radiator and proportional tube counters filled
with mixture of Xe and CO, gas of a total 230 L volume. The proportional tubes run along
x direction in eight of the 20 layers, and run along y direction in the remaining 12 layers.
Figure 2.8 shows the schematic of the TRD working principle. For electron and positron,
the transition radiation is produced in a 20 mm thick fiber fleece radiator, and then collect
by the tubes filled with a 90% Xe and 10% CO, gas mixture. Xe gas is used to capture
the transition radiation X-ray and CO, is used as quencher to ensures stable operation of
the tubes. While for proton and antoproton passing through TRD with the same energy as
electron and positron, they produces energy loss signal by ionizing the gas in the tube and
won’t produce transition radiation, because proton’s y factor is around 2000 times smaller. In
order to separate the light from the heavy particles having the same charge sign, i.e., identify
positrons from proton and electrons from aniptotons, signals from the 20 layers of TRD are
combined. Figure 2.9shows the proton rejection power of the TRD. At 90% e efficiency,
the proton rejection is above 1000 in the energy range from 2GeV/c to 200 GeV/c [65]. And
the rejection power at high rigidity can be further improved by tightening the e* efficiency
to 65%.
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Fig. 2.8 Schematic of the TRD working principle. Taken from [65]
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Fig. 2.9 Proton rejection power of the TRD measured on orbit at 90% (blue) and 65% (red)
electron and positron efficiency. Tightening the e* efficiency to 65% improves the proton
rejection power. Taken from [65]

2.1.5 Ring Imaging Cherenkov counter (RICH)

The Ring Imaging Cherenkov (RICH) detector measures the velocity and charge of the rel-
ativistic particle by the Cherenkov effect. The AMS RICH is placed below the Lower TOF.

The Cherenkov effect occurs when a charged particle passes through an optically trans-
parent medium. If the speed of the particle is greater than the speed of light in the medium, a
cone of light, so-called Cherenkov radiation, is produced. The angle of the light cone is de-
termined by the relativistic velocity of the particle, and the intensity of photons is determined
by the energy loss. As shown in Figure 2.10, the AMS RICH is composed of a NaF/ aerogel
radiator plane, an expansion volume surrounded by a conical reflector, and a photo-detection
plane composed by 680 photo-multiplier for a total of 10,880 pixels.

The radiator plane is composed by two material regions: NaF region, which has a square
shape at the center, with refractive index n =1.33, and silica aerogel at the surrounding area
with refractive index n=1.05. The Cherenkov radiation is produced with an inclination angle
0, only when the velocity of the incoming particle exceeds the threshold velocity 1/n. The
refractive index of NaF is higher than that of aerogel, allowing the detector to cover the
velocity (f) range above 0.75 with the NaF radiator, and 0.953 with the aerogel radiator.
The velocity is reconstructed from 6, with the charge measured from the intensity of the
emitted photons. The velocity resolution for | Z |> 1 is better than 0.1% at § ~ 1 [65].
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Fig. 2.10 The AMS RICH detector, taken from [65]. The top left plot shows the schematic of
the RICH detection principle, the bottom left plot shows an event display of Al nuclei event
with momentum of 9.148 TeV/c, and the right plot shows a picture of the AMS RICH.

2.1.6 Electromagnetic Calorimeter (ECAL)

The Electromagnetic Calorimeter (ECAL) is a thick lead-scintillating fiber sampling calorime-
ter, which performs the 3D reconstruction of electromagnetic showers. It is the critical de-
tector for the measurement of the energy of electrons and positrons, and adding further e/p
rejection power.

As shown in Figure 2.11, ECAL consists of a multilayer sandwich of lead and scintillating
fibers with an active area of 648 x 648 mm? and a thickness of 166.5 mm corresponding to 17
radiation lengths. The calorimeter is composed of 9 superlayers with each each superlayers
composed of 2 layers . To achieve the three-dimensional reconstruction of electromagnetic
showers, the scintillating fibers in the superlayers are stacked alternately in x and y directions.
The fibers are read out on one end by 324 photomultiplier tubes (PMT), with each PMT
reading 4 cells. The cell with the size of 9 mm X 9 mmis an active area of the superlayer.

ECAL provides an accurate energy measurement for electrons and positrons up to multi-
TeV. And the ECAL energy resolution [91] obtained with CERN electron and positron test
beams is parametrized by o(E)/E = (10.4 + 0.2)%/\/E (GeV) & (1.4 + 0.1)%. ECAL is
also powerful in separating electrons and positrons from protons. By matching between
the energy measured by ECAL and the momentum measured by the Silicon Tracker, i.e.

E/P > 0.7, and discriminating the different 3D shower shapes produced by leptons and
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Fig. 2.11 A picture of ECAL and the schematic of the ECAL structure. Taken from [65]
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protons, the proton proton rejection is above 10’000 in the energy range above 2 GeV/c at at
90% e* efficiency [65].

2.1.7 Anti-Coincidence Counters (ACC)

The Anti-Coincidence Counters (ACC) surround the Inner Tracker and are inside the magnet
bore. It is used to veto the particles entering the Inner Tracker from the sides, and also to
reject the events with large fragmentation due to interactions of incoming particles with the
materials above the Inner Tracker. The veto function of ACC is an important part of the
trigger logic, which will be discussed in the following section.

As shown in Figure 2.12, ACC consists of 16 curved scintillation panels with a thickness
of 8 mm and height of 800 mm which are assembled into a cylinder with the diameter of 1.1
m [65, 92]. The wavelength shifting fibers are embedded in the panels to collect scintillation
light. The wavelength shifted light is then transported by the clear fiber cables and finally
collected by the PMT box.

PMT box -2
B tolerant \ e

Fig. 2.12 A picture of ACC system (left) and the cutaway view of the ACC. Taken from [92]

Long duration tests of the ACC show that the counters have an efficiency of 0.99999
[92].

2.2 Trigger logic

The AMS-02 trigger logic has been designed to take a fast and efficient decision to start the
data acquisition of the signals of interest.

The AMS trigger system uses the combined signal information coming from the TOF,
ACC, and ECAL. The trigger logic is based on a complex decision tree architecture with three
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levels including Fast trigger (FT), Level-1 trigger and Level-3 trigger. For data acquisition,
only the Fast trigger and the Level-1 trigger are used.

Considering that AMS detects particles with a wide range of charge, mass, and energy,
different signals can be produced in the sub-detectors of the trigger system. In each level, a
set of sub-trigger logic is set up according to the characteristic of particles, with the different

combinations of the sub-detectors’ signals.

2.2.1 Fast trigger (FT)

The Fast Trigger (FT) is the first trigger activated and is designed to make extremely fast
decisions. The next level will be activated only if the Fast Trigger logic is fulfilled.
FT used the signals from ToF and ECAL. TOF signals are classified into three categories:

1. Charged Particle (CP): signal with energy observed in TOF over the high threshold
for minimum-ionizing particle (HT). CP signals on TOF layer from O to 3 are defined
as CP(0) to CP(3) respectively.

2. Charged Particle in Tracker Acceptance (CT): signal with energy observed in TOF

over HT and inside the Tracker acceptance

3. High-charge Particle (BZ-TOF): signal with energy observed in TOF over the super
high threshold for minimum-ionizing particle (SHT)

On each ECAL superlayer, two signals (ECAL-F) are produces based on signal detected
in x or y direction. ECAL signals from 6 out of 9 superlayers excluding the first one and the
last two superlayers are used [93]. ECAL-F in x and y directions are combined with logic
OR and logic AND to provide another set of signals called ECAL-F-OR and ECAL-F-AND.

The ToF and ECAL signals are then combined in different logic to produce three different
FT sub-triggers, FT is formed from the logic OR of the three sub-triggers:

1. FTC (using CP and CT signals from TOF) for all cosmic rays: at least 3 out of 4 TOF
layers have CP or CT signals

2. FTE (using energy signals from ECAL) for electrons, positrons and photons: a com-
bination of ECAL-F-OR and ECAL-F-AND

3. FTZ (using BZ-TOF signals) for slow particles such as strangelets: all the 4 TOF

layers have BZ-TOF signals and the coincidence of signals is within the time window
of 640 ns
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2.2.2 Level-1 trigger

Level-1 trigger is after Fast trigger. It contains 15 types of signal and requires 1 us decision

time.

1.

The 15 signals are constructed from TOF, ECAL and ACC, including

Charged particle signals: after FT, a 240ns gate is opened to latch charged particles
signals CP and CT from 4 TOF layers. For FTCP and FTCT, each has two combina-
tions:

(a) FTCPO: CP signals from at least 3 out of 4 TOF layers

(b) FTCP1: CP signals from 4 TOF layers

(c¢) FTCTO: CT signals from at least 3 out of 4 TOF layers

(d) FTCTI: CT signals from 4 TOF layers

. ACC signals: after FT, a 240ns gate is opened to latch ACC signals to count number

of ACC. Two signals are produced according to the thresholds of the number of fired
ACC (< N,,).
(a) ACCO: number of fired ACCis0,i.e. NACC =0

(b) ACCI: number of fired ACC less than a threshold N,,.;, i.e. NACC < N,,.
Note, N,,; was set to 5 at the beginning of the mission in May 2011, and after

rl»

February 26, 2016, N,,; was set to 8 to loose the setting and increase the trigger

efficiency for heavy nuclei.

. BZ signals: after FT, a 240ns gate is opened to latch BZ-TOF signals from 4 out of 4

TOF layers.

. ECAL-F signals: a 240ns gate is opened to latch ECAL-F signals. Same as FT, ECAL-

F-OR and ECAL-F-AND are used in Level-1 trigger logic

. ECAL-A signals: a 240ns gate is opened to latch ECAL-A signals. ECAL-A con-

structed from the ECAL Shower detected in x or y direction by superlayers. Same as
ECAL-F, ECAL-A-OR and ECAL-A-AND are used in Level-1 trigger logic.

. EXT-GATE signals: a 240ns gate is opened to latch external gate signals including

EXT-GATEQ and EXT-GATEI. The two types of signals are not used during flight.

Together with FTE and FTZ, a total of 15 signals from TOF, ECAL, and ACC have been
produced. The signals are then combined in different logic to produce eight Level-1 sub-

trigger. During flight, 7 of the sub-trigger are used to form the Level-1 trigger with the logic

OR:
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. Unbiased charged (FTCPO): at least 3 out of 4 TOF signals above HT. Unbiased trigger

is not related to physics, and only 1 out of 100 events are stored to reduce the trigger

rate.

. Single charged (ACCO&FTCT1): 4 out of 4 TOF layers signals above HT and number

of fired ACC is 0 (NACC=0)

. Normal Ions (BZ&ACC1): 4 out of 4 TOF layers signals above SHT and NACC <

N,,1, with N,,.; = 5 before February 26, 2016, and N,,, = 8 after.

. Slow Ions (FTZ): 4 out of 4 TOF layers signals above SHT and the coincidence of

signals is within the time window of 640ns

. Electrons (ECAL-F-AND&FTCT1): 4 out of 4 TOF layers signals above HT and

ECAL signals detected in both x and y direction

. Photons (ECAL-F-AND): ECAL shower detected in both x and y direction

. Unbiased EM (ECAL-F-OR): ECAL shower detected in at least on of the direction,

only 1 out of 100 events are stored to reduce the trigger rate.

In Level-1 trigger, the Normal Ions sub-trigger is important for heavy nuclei analysis.

For heavy nuclei, sizable fragmentation can happen above the Inner Tracker, and a small

threshold of number of fired ACC has a non-negligible possibility to reject heavy nuclei

events. To avoid the loss of heavy nuclei events, as mentioned previously, the threshold of

ACCI signal was loosed from 5 to 8 after February 26, 2016. The Unbiased trigger events,

which are pre-scaled by a factor of 100, are not related to physics and are used to measure

the physics trigger efficiency. The trigger efficiency for Mg and Al will be discussed in

Section 3.5.6 of Chapter 3 and Section 4.2.2 of Chapter 4, respectively.

2.3 Data acquisition (DAQ)

Figure 2.13 shows the DAQ architecture, which has a tree-like structure [94]:

e The trigger processor (JLV1) collects signals from Fast trigger (FT) ans distributes

them to all the sub-detectors to start their readout cycles.

e All the sub-detectors are equipped with dedicated Front-End electronics. Signals from

the Front-End electronics are collected and reduced by around 300 data reduction com-
puters (xDR, with x specifying a sub-detector, e.g., TDR stands for Tracker data re-
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Fig. 2.13 AMS data acquisition (DAQ) system. Taken from [94]
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duction computers). The Data from xDR are then processed by readout computers
(JINF).

e Signals from TOF and ACC systems are processed by 40 TOF Front-End computers
(SFET) and 8 TOF data reduction computers (SDR).

e After collection and reduction, data from JINF, SDR, and JLV1 are combined in DAQ
computers (JINJ). Four JINJ are equipped for redundancy. One of the four JINJ was
used before February 26, 2016, and two are used after.

e JINJ computers send data to, and receive commands from four redundant main data
computers (JMDC). JMDC collects the physics data and then format, compress, re-
construct, buffer the data and send them to the ground. It also has a large buffer to
store data of around one day to avoid data loss during the transmission between ISS
and ground. Moreover, it also interfaces with ISS Avionics, and executes commands
from the AMS Payload Operations Control Centre (POCC) at CERN. Finally, it also
handles the monitoring data.

Heavy nuclei with high energy produce large data sizes in DAQ. As mentioned, before
February 26, 2016, only one of the four JINJ was used to process data. And due to the
limitation of JINJ buffer size (24500 bytes), events with large data size have a non-negligible
probability to be truncated. To avoid event truncation for heavy nuclei analysis, 2 JINJ
are used since February 26, 2016. The DAQ efficiency evaluates the probability of event

truncation, which will be discussed in Section 3.3.3 of Chapter 3

2.4 The AMS Operation in Space

AMS onboard the ISS circles the Earth in roughly 93 minutes at an average altitude of 400 km
with an inclination of 51.6 ° with respect to the equator.
Thermal control, effects due to the geomagnetic field, and data transfer during the oper-

ation will be introduced in this section.

2.4.1 Thermal control

The instrument is subject to drastic thermal variations due to its direction variation to the
Sun, Earth, ISS Solar Array, attitude variation of the ISS, etc. To avoid thermal damage
to the detector, a system of 298 thermostatically controlled heaters and 1118 temperature

monitoring sensors equip the electronics and the sub-detectors to ensure they all work within
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their safe thermal limits. The Silicon Tracker is also equipped with an active thermal control
systems. The Silicon Tracker produces most of the heat, and its operational range is —20°C
and 40°C. The temperature of the Silicon Tracker was controlled by the TTCS (Tracker
Thermal Control System), which is a mechanically pumped two-phase CO, cooling system.
And it is able to maintain the temperature range of the Tracker between —10°C and 25°C
[95].

Between November 2019 to January 2020, the TTCS was replaced by UTTPS (Upgraded
Tracker Thermal Pump System) with four spacewalks carried out by ESA and NASA astro-
nauts. The newly installed UTTPS will enable AMS to continue to operate throughout the
lifetime of the ISS.

2.4.2 The Earth’s magnetic field

The Earth’s magnetic field (geomagnetic field) is approximated by a dipole magnetic field
with its axis offset by about 11 degrees from the Earth’s rotational axis. The Lorentz force
of the geomagnetic field is at its maximum at the geomagnetic equator and at its minimum
at the poles. The dipolar magnetic field changes slowly with time and accounts for around
80-90% of the total field in most locations. And together with the effect of the solar wind, the
geomagnetic field varies with locations and time. A widely used geomagnetic field model is
the International Geomagnetic Reference Field (IGRF) model [96, 97].
AMS orbits at 51.6 degrees inclination and crossing several geomagnetic latitudes, Charged

cosmic ray particles of low rigidity (< 30 GV), are affected by the Earth’s magnetic field.

Geomagnetic cutoff

The geomagnetic field deviates the trajectories of charged particles due to the Lorentz force.
For charged particles entering the magnetosphere at the same geomagnetic position, direc-
tion, and arrival time, those with the rigidity below a certain threshold value, so-called the
geomagnetic cutoff, are shielded by the geomagnetic field. Therefore, particles with rigidity
below the cutoff are secondaries coming from inside the Earth’s magnetosphere, and need
to be rejected in the cosmic-ray analysis.

In the AMS data analysis offline software, the cutoff is calculated by back-tracing [98]
particles from the top of AMS out to 50 Earth’s radii using the recent IGRF model (the 12th
generation) [96, 97]. At each position of the ISS, the maximum value, i.e., the maximum
geomagnetic cutoff, for all the directions within the 40° AMS field of view is used in the
analysis to reject secondaries. Figure 2.14 shows the maximum geomagnetic cutoff as a
function of geographic latitude and longitude over a period of more than 70 days, between
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March and May 2012. As seen, the geomagnetic cutoff is higher at lower latitude where it
reaches about 30 GV.
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Fig. 2.14 The maximum geomagnetic cutoff within the 40° AMS field of view as a function
of geographic latitude and longitude over a period of more than 70 days, between March and
May 2012. The blank area indicates the SAA (South Atlantic Anomaly). Taken from [99]

SAA (South Atlantic Anomaly)

Populations of relativistic electrons and protons can be trapped by the geomagnetic field in
an inner region of Earth’s magnetosphere called the Van Allen radiation belts [100]. The Van
Allen radiation belt has a two zone structure: the inner belt at low altitude and the outer belt
at high altitude. Due to the slight offset between the geographical center and the geomagnetic
center of the Earth, the lower bound of the Inner Van Allen Belt reaches an altitude of around
200 km above the Earth’s surface in the South Atlantic geographical region. This area is
called SAA (South Atlantic Anomaly), inside it the particle rate is exceptionally high for the
AMS DAQ. Data collected inside SAA are not used in the analysis.

2.4.3 AMS operation and data transmission

AMS is operated by its own onboard computers and operations are monitored mainly at the
AMS Payload Operation and Control Center (POCC) at CERN.

First, data collected by AMS are transmitted from ISS to the Tracking and Data Relay
Satellite System (TDRSS) with an average rate of 10Mbit/s, and then collected by the Space
to Ground Link Terminal at White Sands Ground Terminal in New Mexico. And to avoid

data dropout during transmission, data for up to two months are stored in the AMS Laptop
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onboard ISS. Second, the data are transmitted from White Sands to the Marshall Space Flight
Center (MSFC) via NASA networks and then reach at the AMS POCC. After pre-processing,
the data are used to monitor the detector status. The data are also transmitted from the AMS
POCC at CERN to the AMS Asia POCC in Taiwan, allowing to monitor the status of AMS
24 hours every day. Commands can also be sent from the POCC to AMS follow the same
path in reverse. Science data are further processed for data analysis at the AMS Science
Operation Center at CERN.

2.5 Monte Carlo simulation (MC)

The AMS Monte Carlo (MC) simulated events are produced by a dedicated program devel-
oped by the collaboration [101, 102] based on the GEANT4-10 package [103—105]. The
MC simulation is based on the precise knowledge of the detector, including its geometrical
dimensions, material composition, characteristics of the electronics, etc. The program simu-
lates the interactions of particles in the AMS material and generates detector responses. More
than 8.3 billion simulated magnesium events and 8.7 billion simulated aluminum events and
were produced, the simulated raw events then undergo the same reconstruction software as
used for the data to reconstruct objects such as particle charge, rigidity, f (velocity), track,
etc.

The downward-going MC simulated events are generated uniformly on a 3.9mx3.9m
plane above Tracker L1 at 1.95m above the center of the magnet. Two sets of MC simulations
have been produced:

e L1 focused MC, the generated particle track is within the Tracker L1 to L8 geometry
fiducial volume, and the generated rigidity ranges from 1 GV to 2TV

e [.19 focused MC, the generated particle track is within the the Tracker L1 to L9 ge-
ometry fiducial volume, and the generated rigidity ranges from 2 GV to 8 TV

The generated particle spectrum as a function of generated rigidity (R

-1
gen

gen) fOllows a single

power-law with the spectral index of -1 (R,,,). In many cases, the MC generated spectrum
needs to be reweighted to have the same energy spectrum features of the Data, which will

be discussed in Section 3.1 of Chapter 3.






Chapter 3

Cosmic-ray magnesium nuclei flux
measurement with the AMS experiment

As mentioned in Chapter 1, cosmic-ray magnesium (Mg) nuclei are mostly primary cosmic
rays produced and accelerated in astrophysical sources. Precise knowledge of their spectra
in the GV-TV rigidity range provides important information on the origin, acceleration, and
propagation processes of cosmic rays in the Galaxy.

Before this measurement, there have been no measurement of Mg flux as functions of
rigidity. And over the last 60 years, earlier measurements (Figure 3.1) were done in kinetic
energy per nucleon (Ek/n), however, these measurements have errors larger than 20% at
kinetic energy per nucleon 50 GeV/n.

In this Chapter, the precision measurement of the Mg flux in the rigidity range from
2.15GV to 3.0 TV based on data collected by AMS-02 during its first 7 years of operation on
the ISS (from May 19, 2011 to May 26, 2018), and published in [106] will be presented, to-
gether with the updated result based on 8.5 years AMS data collected up to October 30,2019.

AMS has been continuing acquiring data, the 8.5 years of data is the current available

dataset. The analysis based on 8.5 years AMS data will be presented in detail.

3.1 Analysis framework

3.1.1 Flux formula
Mg flux @ in the itA rigidity bin (R;, R; + AR;) is computed using the following equation:

(Ncoum(Ri) - kag) X (11— ZZ>12 o)
AME R T €paamc(RIEDa0EL10AT (R)AR,

effective

O(R;) = (3.1
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Fig. 3.1 Mg flux as functions of kinetic energy per nucleon (Ek) multiplied by Ek>’, mea
sured by earlier experiments. Data is taken form CRDB [57, 58]

where

e R, is the rigidity in GV measured by the Silicon Tracker. In this thesis, the fluxes
were measured in 66 rigidity bins from 2.15 GV to 3.0 TV, with bin widths chosen
according to the tracker rigidity resolution;

o N

coun
fragmentation occurred between Tracker L1 and L2, )’ ,, 6 is the top of the instru-

ment background fraction due to fragmentation of heavier nuclei (nuclei with charges

+ 18 the number of Mg events counts, Ny, is the residual background from nuclei

Zlarger than 12) occurring above Tracker L1, € p, 4 is data acquisition efficiency eval-
uated from DATA , €, is the Data L1 charge inefficiency which describes the Mg
event loss for Data due to the charge cut on the Tracker L1. The product of these terms
(the number of events subtracted by the background contamination, and corrected by
DAQ efficiency and L1 charge inefficiency) is also corrected by the bin-to-bin migra-

tion resulting from the limited rigidity resolution;

o AMC s the MC effective acceptance including geometric acceptance, event recon-
effective

struction and selection efficiencies, and inelastic interactions of nuclei in the AMS

materials. To obtain a flux measurement with percent accuracy, small discrepan-

cies between data and MC simulation are accounted by the Data/MC efficiency ratios

(€ patarm )
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e AT is the exposure time in seconds, it represents the amount of time that the detector
collects data during nominal operating status and has access to the above geomagnetic
cutoff particles.

3.1.2 AMS Data and MC
Data

In about 10 years of operation onboard the International Space Station, the AMS detector has
collected more than 175 billion cosmic ray events. For each event, 0.46 MB of raw data are
produced by 300,000 readout channels of the AMS electronics system. The raw data is then
reconstructed with the AMS offline reconstruction software developed by AMS collaboration
over the last decades. After that, high-level reconstructed objects such as particle charge,
rigidity, g (velocity), track, etc. are stored in the reconstructed data set. This analysis has
been performed on the most updated AMS reconstructed data set available, which is based
on the first 8.5 years of operations. This data set has been processed with the latest version
of the AMS offline reconstruction software (ISS B1130_pass7).

MC

The Mg MC simulated raw events, as introduced in Section 2.5 of Chapter 2, undergo the
same reconstruction software as used for Data. The latest version of Mg MC simulated
events (version B1220) is used.

As mentioned, the MC generated particle spectrum as a function of generated rigidity
(R
MC simulation with Data/MC efficiency ratios (€ p,;,/ac) in the flux equation 3.1, the Mg

gen) follows a single power-law. To evaluate the small discrepancies between data and

MC generated spectrum is reweighted according to the shape of the Mg flux to produce the
same energy spectrum features of the Data. The MC reweighting is done with an iteration
method:

1. Mg MC generated spectrum is reweighted with Mg raw flux (flux without efficiency

and bin-by-bin migration correction)
2. apreliminary Mg flux is computed

3. MC spectrum is then reweighted with the updated flux
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Fig. 3.2 Schematic view of the L1Inner (left) and FS (right) geometries

3.1.3 Acceptance geometries

To maximize the statistics of Mg sample and extend the flux measurement to the maximum
detectable rigidity (MDR), two detector geometries are used in the analysis (Figure 3.2):

e LlInner Geometry (L1Inner), requiring particle track passing through Tracker L1 to
L8, which has the maximum geometrical acceptance and the MDR for Mg nuclei of
~ 13TV,

e Full Span Geometry (FS), requiring particle track passing through Tracker L1 to L9,
which has the MDR of ~ 2.8 TV for Mg nuclei, but has the geometrical acceptance
~ 6 times smaller than L1Inner.

The data sample selected according to the L1Inner geometry is used for the flux mea-
surement below 1.3 TV, and above the FS geometry is used.

3.2 Exposure time

To count the exposure time, a set of standard selection criteria is applied to ensure the de-
tector is in good operational status, and also has access to the above geomagnetic cutoff

particles.
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Firstly, the time periods when the detector was not in nominal configuration need to be
rejected. The AMS runs are named after the UTC time and recorded with Unix Time format,
among which the bad runs include:

1306219312, 1306219522, 1306233745, 1307125541-1307218054, 1321198167, and
1434801178-1434841341

Secondly, as mentioned in Section 2.4.2 of Chapter 2, the periods when the International
Space Station was inside of the SAA (South Atlantic Anomaly) also need to be cut out.

Moreover, only the seconds when DAQ was away from saturation and having at least one
good reconstructed particle are kept. At this purpose, the following data quality selection
developed by AMS collaboration is applied on the Real Time Information (RTI):

1. aset of cuts on the triggered events (IV,
(N,

err

), reconstructed events (N,

cut)> absent events

rig

), and the number of reconstructed particle (N ,,) to reject events collected dur-

ar
ing the DAQ closing to saturation and select good reconstructed particle, including:

e N,./N,, > 0098

trig evt

e N,,/N,,; <0.1
e N,,./N,.;, >0.07/1600 X N,,;,, && N

part trig trig part

/N, < 0.25

trig
2. data acquisition life time (z,) is greater than 0.5 to avoid DAQ saturation

3. atleast one reconstructed particle selected by N . > 0 and redundantcut N,,, < 1800

par euvt

4. AMS z-axis pointing within 40° of the local zenith to avoid to have the detector looking
at the Earth’s limb

5. good RTI status to reject duplicate events, event number flip, event missing at the

beginning or the end of second, or the second at the beginning or the end of run

6. agreement between bending coordinate obtained from two independent alignment al-

gorithms

Finally, the measured rigidity is required to be greater than a safety factor of 1.2 times
the maximum geomagnetic cutoff R, within the 40° AMS field of view. Systematic un-
certainty due to the choice of the safety factor will be checked by varying it from 1.0 to
1.4 in Section 3.8.4. As a result, to count the the seconds of the exposure time(e,) , @, =
1} X N/ (N, + N,,,.) 1s accumulated in the rigidity bin whose lower bin edge is larger than
12X R..
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The AMS-02 8.5 years (May 19, 2011 to October 30, 2019) exposure time as a function
of rigidity is shown in Figure 3.3. Due to the effect of the geomagnetic field, the exposure

time increases with rigidity and reaches a plateau value of ~ 1.97 x 10%s for rigidity above
30 GV.
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Fig. 3.3 The AMS-02 8.5 years (May 19, 2011 to October 30, 2019) exposure time as a
function of rigidity

3.3 Event Selection and Event Counts

3.3.1 Event selection

As mentioned in section 3.2, the selection applied to the exposure time includes bad runs
removal, SAA cut, data quality cut, and geomagnetic cutoff. Moreover, regardless of nuclei
species, physical trigger selection should also be applied in the analysis.

Since L1Inner and FS are used for the nuclei measurements, the sub-detectors involved
are the TOF detector, Inner Tracker, external layers of Tracker (L1, L9). Selections on TOF,
Inner Tracker, Tracker L1, and Tracker L9 (for FS study) are applied to have good recon-

struction.

TOF reconstruction selection

e A velocity f is well reconstructed, and f > 0.4 to make sure the particle is downward
going
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e The unbiased TOF track (i.e. track reconstructed without requiring the Silicon
Tracker) extrapolated to L8 for L1Inner geometry and to L9 for FS is reacquired to
be within the Silicon Tracker fiducial volume:

— the extrapolation of the unbiased TOF track to Tracker layers L2 to L8 (Inner

Tracker) is within the fiducial volume of at least 5 of these layers

— as mentioned in Section 2.1 of Chapter 2, the Inner Tracker L3 to L8 are in-
stalled on three support planes, with each plane equipped with 2 layers of de-
tector on both sides, while L1, L2 and L9 are installed on three distinct planes.
So for L1Inner analysis, the unbiased TOF track extrapolation is required to be
within L1 and all the Inner Tracker support planes (L1 & L2 & (L3 | L4) & (L5 |
L6)& (L7 | L8))

— Similarly for FS analysis, the unbiased TOF track extrapolation is required to
be within all the support planes (L1& L2 & (L3 | L4)& (LS5 | L6)& (L7 |
L8)& L9)

Inner Tracker track reconstruction selection

e The reconstructed track is required to have at least five hits on Inner Tracker layers in

the bending direction coordinate (y)

e The reconstructed track is required to have at least one hit on all the Inner Tacker
support planes (L2 & (L3 | L4) & (L5 | L6) & (L7 | L8)) in y coordinate

e Inner Tracker track fitting quality ;(?nner/d .f.<101ny coordinate is applied

External Tracker Layer reconstruction selection
e Tracker Track has both x- and y-side hits on L1
e for FS study, x- and y-side hits on L9 is required

e for L1Inner study, L1+Inner Tracker track fitting quality )(%1 Inner’y/d .f. < 10 and
( ;(]%1 InnerY — ;(Iznnery) < 10 are required. While for FS study, L1+Inner+FS fitting

quality )(il InnerL9,Y/d .f. <10 is required

Charge selection

Magnesium nuclei events are identified by requiring that the charges measured by TOF, Inner

Tracker, Tracker L1 and, for FS analysis, L9 are compatible with charge Z=12. The Charge
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selection for Mg was carefully determined [101, 107, 108] to minimize the contamination

from neighboring charges and maximize the Mg statistics:
e L1 charge

— L1 Q[10.6309 , 12.7818] for Data, and L1 Q>10.6309 for MC. The L1 charge
upper cut is applied only to Data to minimize the charge contamination form
heavier nuclei such as Al and Si. However, with the upper charge cut, Mg events
with reconstructed charge Q>12.7818 are lost. A correction to the number of
event counts that takes this into account will be discussed in subsection 3.3.2

— difference between L1 x- and y-side measured charge | Oy, — Oy, | /(Op x+
Op1,) <02

— L1 good charge status, i.e. (Q &0x10013D) == 0, which is required to

select the charge signal that is produced only at the active area of the Silicon

status

Tracker ladders

Inner charge Q[11.5502 , 12.4498]

UTOF Q[11.3075, 13.5]

LTOF Q>11.3075 for FS analysis

L9 charge for FS analysis

- L9Q[11.3353, 13.3691]
— L9 Q asymmetry cut | Qg , — Or9, | /(Qpox + Org,) <02

Event counts

With all the mentioned selection criteria applied, AMS-02 collected more than 2.5 million
Mg nuclei events during the first 8.5 years operation. Figure 3.4 shows the Mg events counts

and event rates for L1Inner and FS geometries.

3.3.2 Background

The event selection yields a Mg sample purities larger than 97% over the entire rigidity range.

The impurities come from the following two sources:

e below L1 background, which is a residual background from the interactions of heavier

nuclei such as Al and Si in the material between Tracker L1 and L2
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Fig. 3.4 The AMS-02 8.5 years Mg event counts(top) and event rates(bottom) as functions
of rigidity for the L1Inner (red points) and FS (blue points) geometries.
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e top of instrument background, which arises from fragmentation of heavier nuclei such
as Si and S interacting in materials above Tracker L1 (thin support structures made of

carbon fiber and aluminum honeycomb [101]).

Below L1 background

Below L1 background is evaluated by fitting the Mg L1 charge distribution with charge
templates of Mg, Al, and Si nuclei. The charge templates can be constructed from L2 charge
distributions. Because on the one hand, L.1 and L2 have the same detector response as .1 and
L2 modules are mechanically and electrically identical, on the other hand, L2 non-interacting
samples can be obtained with L1, UTOF, L3-L8 (Inner Tracker without L2), and LTOF
selections.

To obtain the pure L2 Mg(Z=12), Al(Z=13), and Si(Z=14) non-interacting samples, the

following tight selections have been applied:

e L1 charge Q[Z-0.5,Z+0.5], | Qp) v —Qpriy | (Qpix+ Q1) <0.2,L1 good charge
status ((Q y141,s&0x10013 D) == 0)

status

e UTOF charge Q[Z-0.5, Z+0.5], TOF L1 and L2 charge difference smaller than 1.2
(1011 -0, 1<1.2)

e Tracker Track has both x- and y-side hits on L2, L2 has good charge status
e [.3-L8 charge (calculated by the truncated mean) Q[Z-0.5, Z+0.5],

e LTOF charge Q[Z-0.5, Z+0.5], TOF L3 and L4 charge difference smaller than 1.2
(1 Q13— 014 1<12)

e 4 TOF layers have good Path Length Status to cut out the TOF signals produced in the
overlap region of the scintillating paddles

Mg, Al and Si charge templates are obtained from the L2 charge distributions converted
to probability density functions (PDF) using RooKeysPdf method provided by the RooFit
library [109] in the ROOT analysis framework [110]. The events are divided into 42 rigid-
ity bins between 2.15 GV and 3 TV. Figure 3.5 shows examples of Mg and Al L2 charge
distribution and their PDFs in one of the rigidity bins.

To study the L1 charge residual background, the L1 charge distribution obtained applying
the standard UTOF and Inner Tracker charge cuts mentioned in Section 3.3, is fitted with
Mg, Al and Si charge templates. Figure 3.6 shows an example of Mg template fit result in
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curves show the PDFs constructed from L2 charge distributions.
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points). The solid red curve shows the fit using Mg, Al, and Si charge templates obtained
from L2 charge distributions. The vertical dashed lines show the charge selection applied on
L1 charge. The below L1 background in this rigidity bin is ~ 0.15%.
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Fig. 3.7 Mg below L1 background (left) and Data L1 charge cut inefficiency € ;o (right) as a
functions of rigidity. The below L1 background is found to be negligible (less than ~ 0.3%)
over the entire rigidity range. €, ¢ is calculated from Mg charge template as shown in the
right plot inset.

one rigidity bin. The Mg charge residual background over the entire rigidity range is shown
in figure 3.7a; as seen, it’s less than 0.3%.

The Data L1 charge cut inefficiency £;,, can be evaluated directly by the ratio be-
tween the integral of Mg charge template in the L1 charge selection range (Q[10.6309,
12.7818]) and the integral of Mg charge template in the charge range above the L1 lower
cut (Q>10.6309), as illustrated in the inset of Figure 3.7b.

Top of the instrument background

Considering that heavier nuclei can interacting in materials above L1 and produce Mg nu-
clei, the measured Mg events N ],\/Ig contains both genuine cosmic-ray Mg N, and Mg

events from fragmentation Ny _, 5s,. Therefore, the genuine cosmic-ray Mg flux obtained as

follows:
Mo = =
8 AMgATAR AMgATAR
_ Nll\lg ( _ ZNXﬁMg)_q), (1_2 q)X AX—>Mg
Ay ATAR Ny, =~ M¢ @) Aug

= @), (1-95) (3.2)
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blue points shows the ratio between Si and Mg, red points shows the ratio between S and
Mg.

where Ay _, s, 1s the the effective acceptance of heavier nuclei X fragmenting to Mg,
@ is the flux of heavier nuclei X, and Cbgwg is the background contaminated Mg flux. As a

(DX AX—»Mg
!
Mg AMg

The background contaminated Mg flux @ ;\4g is calculated without considering top of the

result, the top of instrument background correction § is calculated as ).

instrument background. To compute this correction, only the most abundant heavier nuclei
nearby Mg are used that is Si and S. The AMS published Si nuclei flux and the AMS prelim-
inary S nuclei flux have been used. Figure 3.8a shows the flux ratios @ Si/d)gwg and @ S/tbgwg
. The effective acceptance will be introduced in Section 3.4. For the top of instrument back-
ground evaluation, Mg, Si and S L1Inner geometry effective acceptance can be obtained
from the corresponding MC, as shown in Figure 3.8b.

Figure 3.9 shows the top of the instrument background result as a function of rigidity.
The background mainly comes from fragmentation of Si, which contribute less than 1.5%

over the entire rigidity range.

3.3.3 Data Acquisition (DAQ) efficiency

As mentioned in Section 2.3 of Chapter 2, before February 2016, only 1 JINJ was used in
the Data Acquisition (DAQ) system. The collected events, especially for the high charge and
high rigidity events, might be truncated during DAQ process due to the limited JINJ size
(24500 bytes). The total truncated events taken in time period 1 ( before February 2016)

1 . . . . .
N_ 54500 can be classified into the following two categories:
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Fig. 3.9 Mg top of the instrument background as a function of rigidity. The blue points show
the background from Si, red points show the background from S, black points show the total
background, and the red solid curve shows the spline fit to the total background.

e N, the real event truncation. The primary particle’s information of key detectors

such as Tracker and TOF is lost by truncation. Therefore, these events will not pass
the event selection, because of missing or incomplete information in detectors used in

the nuclei analysis.

e N, irrelevant event truncation. The information lost concern only delta ray (sec-

ondary particle) or detectors such as TRD, RICH and ECAL, which is not used in

nuclei event selection.

1

So the DAQ efficiency in time period 1 ( before February 2016) € can be calculated by:

DAQ
1
1 _ Norror _ NS24500 + Nipy
“oa0 =17 NL 4+ N CONL 4 NI G-3)
<24500 >24500 <24500 >24500

However, in the denominator of equation 3.3, the number of truncated events (N iz 4500)
is much less than the number of complete events (N iz 4500)" While in the time period 2 (after
February 2016), two JINJ has been used, there is no event truncation and both N 2

<24500 3nd
N? are complete events. Thus, the truncated events N.

24500 So4500 Can be estimated with

events collected during time period 2 by assuming the ratio between events with size less



3.3 Event Selection and Event Counts 55

and lager than 1 JINJ size (24500 bytes) are the same for the 2 periods:

1 2
Noossoo  Nausoo

; =— (3.4)
N> 24500 N> 24500

With equation 3.3 and 3.4, the DAQ efficiency for 8.5 years (May 19, 2011 to October
30, 2019) analysis, can be calculated by:

2
+ N>24500

2
+ NXous00

1 2
total N 224500 + Nirr + N 94500
DAQ 1 1 2
N <4500 + N>24500 T N<ass00

1 2 2

B N 24500 T Nire 7 N 4500 7 N3o4s00 35)

2
N! + N! + N2 + N2

N>24500
<24500 Nz <24500 <24500 >24500
<24500

Figure 3.10 shows the Mg DAQ efficiency estimated on Data for 8.5 years analysis.
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Fig. 3.10 Mg 8.5 years DAQ efficiency as a function of rigidity (blue solid points). The
light green curve and band shows the spline fit to the DAQ efficiency and 68% C.L. interval
respectively.
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3.4 Effective acceptance

The effective acceptance A gpeive 1 €stimated from MC simulated Mg nuclei events, which
includes the geometrical acceptance, event reconstruction and selection efficiencies, and in-
elastic interactions of nuclei in the AMS materials. It is then corrected for small differences
between Data and MC response.

As mentioned in Section 2.5 of Chapter 2, MC simulated events are generated uniformly
on a 3.9m X 3.9m plane at 1.95m above the center of the Magnet. The MC effective accep-

tance AMC s calculated as:
effective

N
AMC  _q e sl (3.6)
N

effective 0
gen

where A is the geometric factor of the MC event generation plane, N, is the number of

events passing the Mg event selection, and N, is the number of MC generated events.

Geometric factor

The geometric factor is given by

/dw/daf=//cos€dad¢dcos€
Q S Qls

= / zdo = 7 X 3.92m?sr &~ 47.78 m?sr (3.7)
Ky

Ag

where @ is the colatitude and ¢ is the longitude angle, dw = d¢dcosf is the element of solid

angle Q, do is the element of surface S.

MC generated events

As mentioned, the MC events are generated with a 1/R spectrum in the rigidity range of 1 GV
to 2TV for L1 focused MC, and 2 GV to 8 TV for L19 focused MC. The total number of MC

generated events (N ,,,) is counted directly from full MC simulation and then distributed into

en
the rigidity bins following 1/R. For the latest version of Mg MC (version B1220), the number
of MC generated events is 84277980800 for for L1 focused MC, and 8°335°462°400 for L19
focused MC.

The number of generated events is a crucial element for the calculation of effective ac-
ceptance. A cross-check of the value of N,,, has been performed inverting the formula

A = Ay X N yoom! N gen» Where N is the number of generated events passing through

geom geom'+Y gen> geom
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Fig. 3.11 The geometric acceptance calculated from AMS Mg MC (blue points) and toy MC
(red line) for L1Inner (left) and FS (right) geometries respectively.
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Fig. 3.12 Ratio of the geometric acceptance between AMS Mg MC and toy MC for L1Inner
(left) and FS (right). The red line shows a constant fit to the ratio.

the detector fiducial volume. And the MC geometric acceptance A,,,,, can be obtained from
a toy MC.

The toy MC events are generated in the same way as AMS MC, i.e. the events are ran-
domly and uniformly generated on the 3.9mx3.9m plane with cos?0 and ¢ uniformly dis-
tributed. In the toy MC, 1 billion events were generated, with 0.348504% passed the L1Inner
fiducial volume, and 0.114613% passed the FS fiducial volume. So the geometric acceptance
= Ay % 0.114613% = 0.1665msr for L1Inner and
Ageom = 0.05477 m?sr for FS. Figure 3.11 shows the geometric acceptance calculated from

AMS Mg MC and toy MC, Figure 3.12 shows the ratio between the two calculation results,

the two results agrees within 0.3%.

result calculated form toy MC is A

geom



58 Cosmic-ray magnesium nuclei flux measurement with the AMS experiment

MC effective acceptance

The number of Mg events can be obtained by requiring Mg event selection, with the num-
ber of MC generated events verified, MC effective acceptance can be evaluated with equa-

tion 3.6. Figure 3.13 shows MC effective acceptance for L1Inner geometry and FS geometry.
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Fig. 3.13 Mg MC effective acceptance as a function of rigidity for L1Inner (red points) and
FS (blue points) geometries. The red and blue solid curves show the spline fit to L1Inner
and FS results respectively.

3.5 Data/MC corrections

The efficiency of a given cut is computed from the events passing the cut and the sample
before applying this cut, by the following formula
N, R
e(R) = selected( ) (38)
N sample(R)
where ¢ is the efficiency of a given cut for a specific subdetector; N, is the number of
the sample events which is selected with a set of subdetectors other than the one under study,
and without applying this cut; Ng...cq 15 the number of events passing the cut applied on
the sample; the uncertainty of the efficiency is estimated by the binomial error.
Thanks to the redundancy of the AMS detector, the samples used to study the selection

and reconstruction efficiencies of a specific subdetector can be defined without requiring this
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sub-detector. Therefore, the selection and reconstruction efficiencies can be derived not only
from MC but also from the flight Data.

Due to the imperfect MC simulation, the small discrepancies between data and MC sim-
ulation need to be accounted for the evaluating of the MC effective acceptance. The MC
effective acceptance are corrected by the Data/MC efficiency ratios (]| € para/arc) including

1. Tracker L1 big charge (BZ) efficiency
2. Tracker L1 pick-up efficiency;

3. Inner tracker efficiency;

4. ToF charge efficiency;

5. Tracker L9 efficiency (for FS study).

6. trigger efficiency

3.5.1 L1 BZ efficiency

L1 big charge (BZ) efficiency evaluates the probability that the event has both x- and y-side
hits on Tracker L1, with the L1 measured charge greater than 10.63.

To study the L1 BZ efficiency, a sample of Mg nuclei event is selected by requiring the
charge measured by a set of sub-detectors except the Tracker L1 to be compatible with Mg
nuclei, and without requiring any information about the Tracker L1 hits.

To obtain the sample (denominator of efficiency), the following cuts have been applied
e bad runs removal, SAA cut, RTI cut, and geomagnetic cutoff

e cvents passing physical trigger

e good reconstructed TOF

e good reconstructed Inner tracker track for L1Inner study and Inner+L9 track for FS

study, and the extrapolated track within the Tracker L1 fiducial volume.
e Mg nuclei charge cuts applied on Inner, TOF and L9 (for FS study only)

The detailed description of the listed selections has been discussed during the introduction
of the event selection in Section 3.3.
Additional cuts including Tracker L1 hits, L1 big charge (BZ), and L1 unbiased charge

status are applied on the sample (to obtain the numerator of the BZ efficiency) to evaluate
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the L1 BZ efficiency. The L1 hit with the largest charge, which is not necessarily attached
to the Inner tracker track, is called unbiased hit. The selection on the sample is listed as the

following:

e both x- and y-side unbiased hits on Tracker L1, which can be applied by requiring the
L1 x- and y-side unbiased charge greater than 0

e good unbiased charge status
e the x- and y-side combined unbiased charge greater than 10.6309

For the L1 efficiency study, since the Tracker L1 cannot be used in the sample selection,
the rigidity measured by Inner Tracker (for L1Inner study) and Inner Tracker + L9 (for FS
study) is used. The MC efficiency as function of the generated rigidity is also done and used
as a reference. Figure 3.14 shows the Mg L1 BZ efficiency for Data and MC, and their ratio.
The spline fit has been applied to parameterize the Data/MC efficiency ratio. In the high
rigidity range, the ratio is parameterized as a constant, and the slope of the efficiency in the
MC generated rigidity is taken into account in the evaluation of the error of the Data/MC
efficiency ratio parametrization. As seen in the figure, the difference between the Data and

MC efficiency is less than 1%, and it does not depend on rigidity.

3.5.2 L1 pick-up efficiency

L1 pick-up efficiency evaluates the probability that a L1 hit is attached to the Inner tracker
track and its charge is compatible with Mg nuclei.

The sample to study the L1 pick-up efficiency is selected with the same selection as the
L1 BZ efficiency to which is added a tighter upper cut on the combined L1 x- and y-side
unbiased charges (L1 unbiased Q<12.5).

Additional cuts are applied to this sample to obtain the numerator of the L1 pick-up

efficiency, including
e both x- and y- side L1 reconstructed hits are attached to the Inner tracker track

e good L1+Inner (for LlInner study) or L1+Inner+L9 (for FS study) reconstructed
tracker track, i.e. track fitting quality cuts ;(il Inner Y/d .f. < 10 and ( ;(il Tnnery —
Xfumery) < 10 for L1Inner study, and 7,010 y/d-f - < 10 for FS study

e Tracker L1 charge greater than 10.63, and good L1 charge status
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Fig. 3.14 L1 BZ efficiency for Mg nuclei as function of rigidity for L1Inner (upper panel
of the plot a) and FS (upper panel of the plot b) geometries obtained from Data (black full
circles) and MC (red open circles) as function of the reconstructed rigidity. MC efficiency
as function of the generated rigidity is also shown (blue circles). The lower panel shows
the ratio between Data and MC efficiencies (black points) and the spline fit of the efficiency
ratio (blue line) with its 68% C.L intervals (blue shed). Above 200 GV, the error band of the
spline fit is calculated from the slope of the MC efficiency as function of generated rigidity.
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Same as the L1 BZ efficiency study, the rigidity measured by Inner Tracker (for L1Inner
study) and Inner Tracker + L9 (for FS study) is used for L1 pick-up efficiency. Figure 3.15
shows the Mg L1 pick-up efficiency for Data and MC, and their ratio. The spline fit has
been applied to parameterize the Data/MC efficiency ratio. In the high rigidity range, the
ratio is parameterized as a constant, and the slope of the efficiency in the MC generated
rigidity is take into account as the error of the Data/MC efficiency ratio parametrization. As
seen in the figure, the pick-up efficiency increases with increasing rigidity, which is due to the
elastic scattering energy dependence. For rigidity above 200 GV, L1Inner and FS efficiencies
show different behavior, this is because different track fitting quality cuts in L1Inner and FS
study, and the maximum detectable rigidity for Inner Tracker geometry is smaller than Inner
Tracker+ 19 . As seen in the figure, the difference between the Data and MC efficiency
results is less than 1% for rigidity above ~ 10 GV.

3.5.3 Inner Tracker efficiency

Inner tracker efficiency is the probability that the event has well reconstructed Inner Tracker

track, with the charge measured by tracker compatible with Mg nuclei.

Rigidity Estimator: TOF g and the geomagnetic rigidity cutoff

In the Inner Tracker efficiency study, Inner Tracker can’t be used in the sample selection,
instead, a TOF standalone reconstruction is performed using the track from TOF and TRD.
To obtain the rigidity dependence of the efficiency, particle’s rigidity is estimated from TOF
p and the geomagnetic rigidity cutoff.

The p (velocity) measured by TOF is converted to rigidity as

A
R AP (3.9)

NI R
where A=24 and Z=12 are the mass number and the charge of Mg nuclei assuming Mg nuclei
are mainly composed by 2*Mg, m » 18 the proton mass. Due to the limited TOF f resolution,
the estimated rigidity is valid below ~ 6.4 GV corresponding to f < 0.96. Figure 3.16
shows the rigidity estimator constructed from g versus the tracker rigidity: they are in good
agreement for R < 6.4 GV.

As mentioned in section 3.2, the maximum geomagnetic rigidity cutoff R, has a rigidity
dependence below few tens of GV, thus can be used to estimate particle’s rigidity. Fig-
ure 3.17 shows maximum geomagnetic rigidity cutoff versus Tracker rigidity and the edge
of maximum geomagnetic rigidity cutoff versus Tracker rigidity. A straight fit is applied to
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Fig. 3.15 L1 pick-up efficiency for Mg nuclei as function of rigidity for L1Inner (upper panel
of the plot a) and FS (upper panel of the plot b) geometries obtained from Data (black full
circles) and MC (red open circles) as function of the reconstructed rigidity. MC efficiency
as function of the generated rigidity is also shown (blue circles). The lower panel shows
the ratio between Data and MC efficiencies (black points) and the spline fit of the efficiency
ratio (magenta line) with its 68% C.L intervals (magenta shed). Above 200 GV, the error band
of the spline fit is calculated from the slope of the MC efficiency as function of generated
rigidity.
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Fig. 3.16 Rigidity estimator constructed from TOF f vs tracker rigidity. The black straight
line has a slope of +1, showing that the estimated rigidity and Tracker rigidity are in good
agreement for R < 6.4GV

the edge of the maximum geomagnetic rigidity cutoff, and used to estimate particle’s rigidity
between 6.4GV and 20 GV.

Inner Tracker efficiency selection and result

The sample to estimate the Inner Tracker efficiency is selected with the following cuts:

e bad runs removal, SAA and Data quality cut, physical trigger

TOF standalone track matching TRD Track

good unbiased TOF g

TOF and TRD track extrapolation within the tracker L1-L9 fiducial volume

Unbiased L1 x- and y- side hits on L1 and L9 (for FS study)

tight charge cuts on the unbiased charge of 4 TOF layers
e tight charge cuts on the unbiased charge of L1 and L9 (for FS)

The reconstructed Inner Tracker track and the Charge measured by the Inner Tracker

is applied to the sample to evaluate the Inner Tracker efficiency. The selection includes
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Fig. 3.17 Maximum geomagnetic rigidity cutoff versus Tracker rigidity (left) and the edge of
maximum geomagnetic rigidity cutoff versus Tracker rigidity (right). The right line shows
the straight fit to edge of R, which is used to estimate Tracker rigidity for rigidity between
6.4GV and 20 GV.

requiring the Inner Tracker to have well reconstructed track, Inner track matching with TOF
track, and charge measured by Inner tracker within the Mg charge cut range.

Figure 3.18 shows the Inner Tracker efficiency as function of the estimated particle’s
rigidity for L1Inner and FS, the Data to MC efficiency ratio is calculated with f estimator
for R< 6.4 GV, and R, estimator for rigidity between 6.4 GV and 20 GV. Since the estimator
is only valid up to 20 GV, the ratio is assumed to be constant at higher rigidity, and the error
band of the parametrization result is calculated from the slope of the MC generated efficiency
as function of the generated rigidity.

3.5.4 TOF charge efficiency

TOF charge efficiency evaluates the efficiency of TOF charge reconstruction and selection
cuts. This efficiency is evaluated on a sample of Mg nuclei events selected without using
information from the TOF detector. The sample is selected by the Inner Tracker and the
Tracker external layers including L1 and L9 (for FS study) where the Tracker external layers
charge cut has also been tightened to obtain a clean sample to avoid charge contamination
from neighboring charges. The TOF charge efficiency is then obtained counting the events
that pass UTOF and LTOF (for FS study) charge cuts.

Firgure 3.19 show the TOF charge efficiency for Mg nuclei evaluated from Data and MC,
and their ratio. The corresponding Data/MC efficiency correction is obtained by parameter-
izing the Data/MC with a spline fit. In the high rigidity range, the ratio is parameterized as
a constant, and the slope of the efficiency as function of the MC generated rigidity is taken
into account as the error of the Data/MC efficiency ratio parametrization. The Data/MC

correction for TOF charge efficiency is less than 1%.
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Fig. 3.18 Inner Tracker efficiency as function of rigidity for Mg nuclei for L1Inner (upper
panel of the plot a) and FS (upper panel of the plot b) geometries obtained from Data (full
circles) and MC (open circles), using the rigidity estimators TOF g (cyan full circles and
red open circles) and geomagnetic rigidity cutoff R, (green full circles and yellow open
circles) respectively. MC efficiency as function of the generated rigidity is also shown (blue
circles). The lower panel shows the ratio between Data and MC efficiencies (black points)
and the spline fit of the efficiency ratio (red line) with its 68% C.L intervals (red shed). Above
200 GV, the error band of the spline fit is calculated from the slope of the MC efficiency as
function of generated rigidity. The ratio is calculated with g estimator for R< 6.4 GV , and
R, estimator for rigidity between 6.4 GV and 20 GV.
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Fig. 3.19 TOF charge efficiency for Mg nuclei as function of rigidity for L1Inner (upper panel
of the plot a) and FS (upper panel of the plot b) geometries obtained from Data (black full
circles) and MC (red open circles) as function of the reconstructed rigidity. MC efficiency
as function of the generated rigidity is also shown (blue circles). The lower panel shows the
ratio between Data and MC efficiencies (black points) and the spline fit of the efficiency ratio
(green line) with its 68% C.L intervals (green shed). Above 200 GV, the error band of the
spline fit is calculated from the slope of the MC efficiency as function of generated rigidity.



68 Cosmic-ray magnesium nuclei flux measurement with the AMS experiment

3.5.5 L9 efficiency (for FS study)

For FS analysis, LTOF and Tracker L9 are used in addition to L1, UTOF and Inner Tracker.
The L9 efficiency evaluates the probability that the event which has a well reconstructed
L1+Inner Tracker track has good hits on L9 x- and y-sides, the track attached to the Inner
Tracker track, and the charge measured by L9 is compatible with Mg nuclei. Thus, the
L9 efficiency includes survival probability from Tracker L8 to L9, L9 track reconstruction
efficiency, and L9 charge selection efficiency.

The L9 efficiency is is evaluated on a sample selected requiring the Mg nuclei event
selection except the LTOF charge, L9 track and L9 charge selection cuts. Tighter cuts on L1
and UTOF charge have been applied to increase the purity of the sample. The L9 efficiency is
then obtained from the percentage of events having L9 x- and y-side hits, good L1+Inner+L9
tracks, and L9 charge compatible with Mg nuclei.

As shown in Figure 3.20, the L9 efficiency for Data and MC is lower than 0.6 because
it contains the survival probability from Tracker L8 to L9 in addition to the L9 reconstruc-
tion and selection efficiencies. The Data and MC results have a difference of around 10% for
rigidity above 10 GV. The difference mainly comes from the discrepancy of the L9 Charge se-
lection efficiency and survival probability between Data and MC. The Tracker L8 to Tracker
L9 survival probability will be discussed in Section 3.7.

3.5.6 Trigger efficiency

The trigger efficiency evaluates the probability that a particle entering the detector is trig-
gered by Trigger system. The trigger logic used has been described in Section 2.2 of Chap-
ter 2.

For MC, the trigger efficiency €, can be calculated by

B vsi Ry si
physical physical
Epmc = = (310)
Ryot nphysical +ny,
where n,,, ;.. 18 the number of events passing the physical trigger pattern, n,, is the number

of events passing the unbiased trigger.
For Data, as mentioned in Section 2.2 of Chapter 2, during time period 1 (before Febru-

ary 2016), NACC<S5 was required for BZ trigger, so the physical events is just the NACC<5
€y — M
physical — "NAcc<s

NACC<S, the physical events contains both NACC<5 and the NACC>5 events (”fh)ysical =
@)

NACC<
sidering that only 1 out of 100 events triggered by the unbiased trigger pattern are recorded,

events (n ). Afterwards the BZ trigger setting was loosen by requiring

n ¢)- With the loosed trigger setting, the trigger efficiency is ~ 1 are recorded. Con-
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Fig. 3.20 L9 efficiency for Mg nuclei as function of rigidity for FS geometry (upper panel)
obtained from Data (black full circles) and MC (red open circles) as function of the recon-
structed rigidity. MC efficiency as function of the generated rigidity is also shown (blue
circles). The lower panel shows the ratio between Data and MC efficiencies (black points)
and the spline fit of the efficiency ratio (dark green line) with its 68% C.L intervals (dark
green shed). Above 200 GV, the error band of the spline fit is calculated from the slope of
the MC efficiency as function of generated rigidity.
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the unbiased events have to be re-scaled by a factor of 100. The trigger efficiency for total

time period (8.5 years) can be calculated by

ey @
glotal _ ("N acc<s T PN acc<s)
trig_Data ¢)) )
Mior + Migr
) (@)
_ My acc<s T My acc<s)
-, () @) 2
My acces T My X 100) + (o0 g + 1, X 100)
ey 2 (L )
"nacc<s T "N acc<s y My acc<s T "N acc<s) 3.11)
ey + @3] ey + 2 ’
Pior + Migr "Nacc<s TNacc<s
where n(]\lf)A cc<s 18 the number of physical events collected in time period 1 (before February
2016) with tight BZ trigger setting (NACC<S5), and nf,)ACC <g 1s number of the physical

(H
NACC<8

the inferred number of physical events by assuming time period 1 running with NACC<S8.

events collected after February 2016 with loose BZ trigger setting (NACC<S8). n is

If in the time period 1 the same trigger setting (NACC<S8) as time periods 2 were used,

it is reasonable to assume that the trigger efficiencies in the two time periods would be the

same: 9] 2 2
"wacc<s T "Nacc<s _ "Nacc<s ()
= =g ~ 1 (3.12)
e9)] 2 ) trig_Data
Mior + Nygy Riot

plugging the above equation into equation 3.11, the total trigger efficiency can be calcu-
lated by

() )
total _ 2 ("N acc<s T PN acc<s)
gtrig_Data - Etrig_Data (D) )
Ny acc<s TN Ace<s
(D )
("N acc<s T "N acc<s)
~ (3.13)

n(l) 2

Nacc<s TN acco<s

Similar to the derivation of the DAQ efficiency in Section 3.3.3, by assuming the ratio

between events with NACC<5 and NACC<S settings are the same for the 2 periods

(D (D _ @ )
NAcc<s!MNacc<s = PN acc<s!N acc<s

8.5 years (May 19, 2011 to October 30, 2019) of operation can be evaluated from time period
2:

(i.e. n ) , the total trigger trigger efficiency during
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(oY) 2
total (Myacc<s T "N acc<s) (3.14)
gtrig_Data ~ ) .
n
(1) NACC<8 _ (2)
"Nacc<s X ) TN acc<s
"Nacc<s

Figure 3.21, shows the 8.5 years total trigger trigger efficiency for Mg nuclei events

evaluated from time period 2. The discrepancy between Data and MC is less than 1%.
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Fig. 3.21 The AMS trigger efficiency for Mg nuclei as function of rigidity for the first 8.5
years of operation (upper panel) obtained from Data (black full circles) and MC (red open
circles). The lower panel shows the ratio between Data and MC efficiencies (black points)
and the spline fit of the efficiency ratio (orange line) with its 68% C.L intervals (orange shed).

3.5.7 Overall correction

The overall Data/MC efficiency correction (]| € pyra/amrc) for Mg nuclei is less than 2% for
L1Inner, and around 10% for FS, as shown in Figure 3.22.
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Fig. 3.22 Mg nuclei overall Data/MC efficiency correction (black curve) as a function of
rigidity for L1Inner (top) and FS (bottom,) geometries, together with its break-down in L1
BZ, L1 pick-up, Inner Tracker, TOF charge, and L9 (for FS) corrections.
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3.6 Rigidity resolution unfolding

With the ingredients mentioned in previous sections, the Mg raw flux can be calculated with
equation 3.1. Figure 3.23 shows the Mg nuclei raw fluxes for FS and L1Inner geometries
and their ratio. The raw fluxes are distorted by bin-to-bin event migration due to the finite

rigidity resolution.
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Fig. 3.23 Mg raw flux with statistical error as functions of rigidity multiplied by R>” for
L1Inner (red points) and FS (blue points). The lower panel shows the ratio between FS and
L1Inner raw flux (black points), and a fit to a constant value (red dashed line). The magenta
shaded area is the rigidity region above L1Inner maximum detectable rigidity (MDR).

The bin-to-bin event migration is corrected applying the forward unfolding method si-
multaneously to L1Inner and FS raw fluxes. The mathematical foundation of the unfolding
is an inverse problem, whose goal is to construct a kernel function to transform the measured
distribution to the true distribution. In the flux analysis, the kernel function is the rigidity

resolution function which describes the detector resolution effects.

3.6.1 Rigidity resolution function

In MC, for each events, both the reconstructed rigidity (R

(Rgen
the inverse of reconstructed rigidity and generated rigidity (1/R,,.—1/R,,,). The distribution

gen

) and the MC generated rigidity

rec

) are known, and the rigidity resolution can be constructed from the difference between
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of /R, — l/Rg,, . 1.. f(1/R,,. — 1/R,,,) in each generated rigidity bin has a pronounced

Gaussian core, and it also has a small right side tail in the low rigidity range.

gen

The MC events are splitted in 80 even-log generated rigidity bins form 0.5 GV to 6 TV.
In each bin, f(1/R,,. —1/R,,,) s parameterized by two Gaussian functions and one positive

skewed Exponentially Modified Gaussian (EMG) [111]. One of the two Gaussian functions
—1/R,,,), and is called the core Gaus-

describes the pronounced Gaussian core of f(1/R,,, gen

sian. The positive skewed EMG function with same mean () as the core Gaussian can be
described 3 parameters:

EMG(1/R,,. — 1/Rg,,; i, 0, 7) = EMG(1/R, . — 1/Rypp5 UG- 0, T)

X — x —
= —exp 2 MG]erfc[ g He

[(—) -
2t \/51 T \/Er \/Ea

where erfc is the error function, g is the mean of core Gaussian, o describes the width of

(3.15)

]

the distribution, and 7 describes the exponential tail. To avoid the arithmetic overflow, for
the cases when o/7 > 10, the EMG is set to degenerates to a Gaussian.

f(/R,,. — 1/R,,,) can be described by 8 parameters:

gen
1. fy: the normalization factor

2. pg: mean of the core Gaussian, and the other two distributions are assigned to have

the same mean as the core Gaussian
3. o4: width of the core Gaussian
4. o0,: width of the second Gaussian
5. o3: width of the EMG
6. t: tail of the EMG (r)
7. f,: fraction of the core Gaussian with respect to the total distribution

8. f5: fraction of the second Gaussian with respect to the total distribution

Since there are 8 parameters involved in the fit, the software (ROOT) can’t achieve a
good fit in one go. To obtain a robust fit result, an iterative fit method has been applied as
following:

step 1 Gaussian fit to determine the mean and width of the core Gaussian

step 2 the initial step of the iterative fit: setting a set of rough range limits for the 5 fit
parameters (o,/0, 63/01, tlos, f1, f>)
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step 3 for each parameter range: divide into several (7) sub-ranges
step 4 iterative fit (total steps: 7° = 16’807 ) with the sub-ranges for each rigidity bin
step 5 by comparing y/d.f ., find the best fit for each rigidity bin

Figure 3.24 shows f(1/R,,. — 1/R,,,) and its parametrization in one of the generated

gen
rigidity bin.
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Fig. 3.24 Rigidity resolution function f(1/R,,. — 1/R,,,) for Mg nuclei in on of the 80 gen-
erated rigidity bins (R,,, € [14.15,15.88] GV). The black points show the MC distribution,
the red curve shows the parametrization with two Gaussians and one EMG, while the blue,

green and brown curve show the components of the parametrization.

1/R
1/R,,,), the 8 fit parameters are then parameterized as functions of the generated rigidity.

To construct the 2D resolution function R(1/R — 1/R,,,) from f(1/R

gen> rec gen rec

Figure 3.25 shows the rigidity dependence of the o; of core Gaussian as an example. The
o, of the core Gaussian describe the width of the distribution, when it equals to 1/R, the
resolution reaches 100%. As shown in the figure, the Maximum Detectable Rigidity (MDR)
is found to be 1.28 TV for L1Inner and 2.79 TV for FS.

3.6.2 The LlInner and FS combined forward unfolding

The true distribution of rigidity f,,,(R

of the finite rigidity resolution, f,,,(R,,,) is transformed into the distorted but measurable

gen) can’t be directly obtained. Due to the limitation

distribution of reconstructed rigidity f,,.(R,..). Since the rigidity resolution function is
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Fig. 3.25 o, of the core Gaussian as function of the generated rigidity for L1Inner (red points)
and FS (blue points). The black line shows the 1/R function. The intercept between the 1/R
and the o; gives the MDR, which is found to be 1.28 TV for L1Inner and 2.79 TV for FS

respectively.

determined in the inverse rigidity space, the distribution of the inverse reconstructed rigidity
frec(1/R,,.) can be described by

1
Sree(1/R,,.) =/R(1/Rgen, 1/R,ec)fgen(l/Rgen)dR— (3.16)
gen
where the R(1/R,,,. 1/R,,.) s the rigidity resolution function obtained from f(1/R,,, —
1/Rgep)-

For the Mg nuclei event distribution N (R), the number of events in i, rigidity bin is
calculated as

N; = O(R) X A(R) X AT(R)dR (3.17)
AR,

On one hand, by putting the above two equations (equation 3.16 and 3.16) together and

) is known, the folded rate f cal can be calculated convoluting
1/R

assuming the true flux ®(R,,,

the rigidity resolution function R(1/R — 1/R,,,) and true flux in 1/R space (i.e.

gen> rec gen
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d)(l/Rgen) ) as shown in the following formula
f.Cal fcal( 1 )
: ree rec Rrec+AR
—/ / R(1/R,,,,1/R .. —1/R )R @'( L )A( 1 )d L d 1
B A I 0 sem ree genssen Rgen Rgen Rgen Rrec

rec

(3.18)
On the other hand, the folded rate can also be obtained from Data (f D a4y with equa-
tion 3.1 as

fiDat(l — (Ncount _ kag) H(l — Z 5) HEMC/Data X SDAQ X SLIQ/AT(RreC) (319)

The assumed flux model @’(Rgen) in equation 3.18 is parameterized by the spline func-
tion, which can be varied by adjusting the spline nodes. By minimizing the difference be-
tween £ and fP", ®'(R,,,

done with ROOT:: Minuit2:: Minuit2Minimizer toolkit, by minimizing the y* defined as

) will approach to the true flux ®(R). The minimization is

Data fcal

ey ycimmtl (3.20)

where the o; is the statistical error of f; cal §

in i,;, rigidity bin.
Considering that both the Mg L1Inner and FS analysis should yield the same Mg flux,

the L1Inner and FS can be unfolded together with the combined y? defined as

fData _ pcal fData _ pcal

LlInner,i L1Inner,i FS,i FS.,i

= At tmer + X5 = D P+ Y () (32D)
er GLlInner,i GFS,i

where only bins below the MDR are used, that is for FS, the )(%, S is summed from rigidity
2.15GV to 3TV, while for L1Inner, the )(il Tnner 1s summed from 2.15 GV to 1.2 TV. With
this formula, the Mg flux is determined from both L1Inner and FS for rigidities below 1.2 TV
(L1Inner MDR), and FS only for rigidities above 1.2 TV.

Figure 3.26 shows the folded rates f?%? and £°% for L1Inner and FS after minimization.
As seen the difference between f P9 and £ is smaller than 2% for rigidity below 100 GV.

The the unfolding factor is defined as the ratio between the raw and unfolded event counts,
) after
minimization into equation 3.17. Figure 3.27 shows the unfolding factor result. At rigidities

in which the unfolded event counts are obtained by plugging the flux model ®'(R

gen

below about 2.5 GV, the unfolding is invalid for FS because it’s acceptance close to 0. For
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Fig. 3.26 The Mg folded rate after minimization for L1Inner (left) and FS (right). The blue
and red histograms show the folded rate from Data (f?%?) for L1Inner and FS, the yellow
and green histograms show the folded rate obtained from the minimization calculation (f¢*)
for L1Inner and FS. The lower panels show the ratio of the folded rate from Data to the folded
rate from the minimization.
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rigidities below about 20 GV, the unfolding gives >10% correction, due to the multiple-
scattering effect. While at high rigidities, the unfolding correction is smaller than 5% for FS
due to the improved rigidity resolution and larger MDR.
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Fig. 3.27 Mg unfolding factor as a function of the generated rigidity for L1Inner (red) and
FS (blue). The shaded magenta area is the rigidity region above L1Inner MDR.

3.6.3 Mg unfolded flux

The Mg nuclei flux is obtained after the unfolding is shown in Figure 3.28 for L1Inner and

FS. The ratio between FS and L1Inner shows FS and L1Inner fluxes have good agreement.
To obtain more statistics and extend the analysis to TV, the final Mg nuclei flux is a

combination of L1Inner and FS fluxes, whose last point above L1Inner MDR is taken from

the FS result and the others are taken from the L1Inner result.

3.7 Mg nuclei survival probability

The precise knowledge of nuclear interactions with the detector materials can be evaluated
with the nuclei survival probabilities [101, 102]. The cross section model in MC has been
tuned based on Data Data [102]. The small remaining discrepancy of the survival proba-
bilities between Data and MC can be accounted as a correction to the flux normalization.

Thanks to the MC tuning, this correction is not rigidity dependent, therefore it can be ap-
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Fig. 3.28 Mg nuclei unfolded flux as functions of rigidity multiplied by R*>” for L1Inner (red
points) and FS (blue points). Only the statistical errors are shown. The lower panel shows
the ratio between FS and L1Inner unfolded flux (black points), and a fit to a constant value
(red dashed line). The magenta shaded area is the rigidity region above L1Inner Maximum
Detectable Rigidity (MDR).
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plied to the flux after unfolding. The uncertainties in the evaluation of MC to Data survival
probability ratios are one of the main source of the acceptance systematic error.

The material traversed by nuclei from the top of AMS to Tracker L9 is composed primar-
ily by weight of 67% carbon and 21% aluminum [107]. The discrepancy between the MC
and Data survival probabilities between the top of AMS and Tracker L9 can be evaluated
studying the survival probabilities from Tracker L1 to Tracker L2 (L1-L2) and from Tracker
L8 to Tracker L9 (L8-L9).

3.7.1 L1-L2 survival probability

The survival probabilities between Tracker L1 and Tracker L2 for Mg nuclei can be evaluated
with rigidity above ~ 8 GV due to large energy transfer in the materials for low rigidity Mg
events. Tracker L1 is used to selected the incoming beam, Mg nuclei in this case, TRD and
Upper TOF are used as target, and the outgoing particles are identified by the Inner Tracker
(L2 to L8).

To perform the measurement, a sample is selected by requiring the event to have the
charge measured by Tracker L1 compatible with Mg (Q;; € [11.5,12.5]), a well recon-
structed Inner Tracker track, and the measured velocity f > 0 (downward-going particle) in
the TOF. Due to nuclear interactions in the material between Tracker L1 and Tracker L2,
the events detected by the Inner Tracker will have charge value less or equal to that mea-
sured by Tracker L1. L1-L2 survival probability is extracted from the Inner Tracker charge
distribution.

Figure 3.29 shows the Inner Tracker charge distribution for events selected as Mg nuclei
by L1 charge for Data and MC. With the sample selected by Mg nuclei L1 charge ( Q;; €
[11.5,12.5]), the events with the charge measured by Inner tracker in Mg nuclei selection

range Q.- € [11.5,12.5] can be written as:
Nlnner — N}{/;zger + NAI—»Mg + (N]{rnaner + N[I‘;mer) (3.22)

where N 17" is the events in the Inner tracker Mg nuclei charge selection range ([11.5,12.5]).
N ]Iu”;’e’ is the Mg survived events, N 4;_, 5/, is the fragmented events from heavier nuclei Al
contaminating the incoming beam due to finite L1 charge resolution, and (N ]{]”a"e’ + N f‘;’””)
is the neighboring nuclei contaminating the outgoing beam due to finite Inner charge reso-
lution.

Considering that Mg is ~ 6 times more abundant than the neighboring nuclei Na and Al,
contributions from neighboring nuclei are are found to be negligible. The above equation is
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Fig. 3.29 The Inner Tracker charge distribution with L1 charge selection for Data (red) and
MC (blue) in the rigidity range form 21.1 GV to 22.8 GV. The MC distribution has been re-
scaled according to the Data distribution at charge 12. The black vertical lines show the Mg
Inner charge cut range for L.1-12 survival probability study.

then simplified as:

Nlnner ~ Nl{/;lger — eg\l/l[rgf]]\jflgNmt (323)
sur
Mg
beam, f AL,Ilg is the purity of the incoming beam.

where €3 is the Mg L1-L2 survival probability, N’ is the number of nuclei in the incoming

The purity of the incoming beam is estimated with the L1 charge template fit method.
As shown in Figure 3.30, similar to the below L1 background estimation discussed in Sec-
tion 3.3.2, the L1 charge distribution without any charge selection cuts is fitted by the O
(Z=8) to S (Z=16) charge templates constructed from L2 clean and non-interacting sam-
ples.

Figure 3.31 shows the contamination in Mg L1 charge section range, the total contami-
nation is around 6%, therefore the purity ofthe incoming beam (f AL,Ilg) is around 94%.

From these results, and from the Inner Tracker charge distribution of the outgoing beam,

the Mg L1-L2 survival probability is calculated as

NI nner

sur __ Mg
e = 711 (3.24)
8
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Fig. 3.30 The L1 charge distribution for samples from Z=8 to Z=16 in the rigidity range
form 21.1 GV to 22.8 GV. The red curve shows the fit to the L1 charge distribution with L2
templates. The templates are constructed from O (Z=8) to S (Z=16) L2 non-interacting sam-
ples. The blue vertical lines show the Mg L.1 charge cut range for L1-L2 survival probability

study.
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Fig. 3.31 The contamination from Ne (Z=10, yellow points), Na ( Z=11, red points), Al
(Z=13, blue points), and Si (Z=14, green points) in Mg L1 charge section range as functions
of rigidity. The black points show the total contamination, and the solid curve shows the
parameterization of the total contamination result
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Fig. 3.32 Mg L1-L2 survival probability for MC (red) and Data (black) as functions of rigid-
ity measured by Inner Tracker below the Inner Tracker MDR (~ 800 GV).

Figure 3.31 shows Mg L1-L2 survival probability for MC, Data and their ratio as func-
tions of rigidity measured by Inner Tracker. Since the events that fragmented between L1
and L2 can be lost in the old trigger setting period (before February 2016), only the new
trigger setting period is used for Data sample in the calculation. As seen in the figure, the
discrepancy between MC and Data is around 6%, which will be also verified by L8-L9 sur-
vival probability as discussed in the next subsection.

3.7.2 L8-L9 survival probability
Evaluation method

The Tracker L8 to Tracker L9 survival probability measures the probability that cosmic-ray
nuclei, Mg in this case, traverse the material which constitute the LTOF and RICH detec-
tors without undergoing fragmentation. In this study, Tracker L1, UTOF and Inner Tracker
(Tracker L2-L.8) are used to selected the incoming beam, LTOF and RICH are used as target,
and the outgoing particles are identified by the Tracker L9. The impurity of the outgoing
beam is evaluated with the ECAL below Tracker L9.

Two sets of samples are used to evaluate Mg nuclei survival probabilities between Tracker
L8 and Tracker L9.
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e LlInner sample: events are required to have charges measured by .1, UTOF and Inner
Tracker compatible with Mg nuclei, a well reconstructed Inner Tracker track, the ve-
locity f > 0 measured by TOF (downward-going particles), and the track extrapolation
within the fiducial volume of Tracker L9 and the first layer of ECAL.

e ECAL MIP sample: in addition to the selection for L.1Inner sample, a series of ECAL
cuts is also applied to select events for which the energy deposition in ECAL is com-
patible with a Minimum Ionizing Particle (MIP)..

Different downstream selections are required on the two samples to extract the L.8-1.9
survival probability.

For the L1Inner sample, the Mg nuclei downstream selection is applied on the unbiased
Tracker L9 hits and charges, that is without requiring that those hits are attached to the L.1-
Inner Tracker track. The downstream selection requires the following cuts:

e X- and Y-side unbiased hits on L9

e distance between unbiased L9 hit and L1-Inner Tracker track extrapolation less than

Iem
e unbiased L9 charge compatible with Mg: Q;q greater than 11.5
e L9 charge asymmetry cut: | Q9 — Qpo,, | (Qpoy +Opo,) <0.2
e good L9 charge status

The ratio between the number of Mg nuclei from the downstream selection, N3¢, and the

L9’
number of Mg nuclei in the incoming beam from the L1Inner selection, N[, . can be
written as: 1

Nse
19
— = gsur, Edet . gsel (3.25)
NL] I nner

where £4¢ and and ¢

are the L9 detection and selection efficiencies for Mg nuclei respec-
tively. Lighter nuclei events such as Na (Z=11) fragmented from Mg can also enter the L9
selection, but their contribution is negligible because the Mg—Na breaking-up probability
and the probability to select Na applying the Mg charge selection are both small.

For the MIP sample, by requiring MIP in ECAL, only the events which are not frag-
mented from top to the bottom of the detector are kept. Therefore the L.8-L9 survival prob-

ability does not enter in the expression of the ratio between the number of incoming and
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outgoing Mg nuclei, which can be written as:

Nsel
LD = gder . gsel . p (3.26)
NIOZ
MIP
where N ]t\‘/’[’I pand N zegl are the number of incoming and outgoing Mg nuclei respectively. P

is the purity of the incoming beam which is discussed next after giving more details on the
MIP selection.

MIP selection

To obtain the non-fragmented events below L8, while maximize statistics, the first layer of
ECAL is required to select MIP events. In each layer, the cell with the maximum deposited
energy is identified, and its deposited energy is called S1. The sum of S1 and the deposited
energy in its two adjacent cells (if they exist) is called S3. Similarly, S5 is defined from S3
and its two adjacent cells (if they exist). A signal induced in ECAL by MIP is expected to
be concentrated in few cells, that is, and S3/S5> 0.98. The details of ECAL MIP selection
are listed below:

e the extrapolation of the Tracker track is required to be within the fiducial volume of

the first ECAL layer, defined removing the two outermost cells from each side;

e cvents for which the maximum deposited energy is on the 2 outermost cells of the first

ECAL layer are rejected;

e the maximum deposited energy cell and the deposited energy center of gravity cell of
the first ECAL layer are required to be less than 2 cells away;

e S3/S5> 0.98 for the first ECAL layer

Figure 3.33 shows the unbiased L9 charge distribution for for Mg nuclei in the L1Inner
and MIP samples. MIP selection is able to suppress, although not eliminate, the charge
fragmentation. The purity of sample needs to be estimated.

Proved for light nuclei (Z<9) by previous studies [112, 113], MIP deposited energy in
ECAL has a nonlinear dependence on the square of integer charge (Z?), which can be de-
scribed as: 5

df _ 402 (3.27)

ky
1 + kgarctan [ —Z2
kO
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Fig. 3.33 Unbiased L9 charge distribution for Mg nuclei selected by L1Inner outgoing (black)
and MIP selection (green) respectively. The red vertical line shows the charge cut to select
outgoing Mg nuclei.

where dE/dx is the deposited energy in ECAL layers obtained by requiring MIP selection
for charge Z nuclei. A, k, and k, are parameters determined by fit.

To further verify that the MIP selection used in this analysis is able to select good MIP
sample, similar studies have been done for nuclei from He (Z=2) to Si (Z=14) and the fit
results have been compared to those obtained by the previous AMS study on light nuclei
[114]. Figure 3.34 shows the deposited energy in the first ECAL layer versus Z? for nuclei
from He to Si, and its fit. The fit result shows a good agreement with previous light nuclei

study.

Purity of MIP sample

The purity of MIP sample in equation 3.26 needs to be evaluated to obtain the L8-L9 survival
probability. Considering the events in MIP sample as shown in Figure 3.33, in Mg unbiased
L9 charge cut range (Q;¢ > 11.5), both Mg and lighter nuclei events such as Na (Z=11) can

be selected. Therefore the number of events after Q;¢ > 11.5 selection can be computed as:

! !
Nosi1s = Nyfp(P-e5_ ,+ (1= P)-€5_ ) (3.28)
where N7, , is total number of events in the MIP sample, N, 0>115 18 the number of events

in the MIP sample that pass the Q;q > 11.5. esZelz |, and eSZe’<12 are the selection efficiencies
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Fig. 3.34 Deposited energy in the first ECAL layer vs Z? for nuclei He (Z=2) to Si (Z=14).
The red curve shows the fit result, while the black curve shows the parametrization result
from the previous AMS study [114]. The two results are in good agreement.

of Q;9 > 11.5 cut for Mg nuclei and lighter nuclei respectively. Considering both (1 — P)

sel sel

and € S <1p are much smaller than P and ¢ 712 the second term can be neglected. So the
purity can be estimated as:
N,
o O>115 e
P~ NT/£Z=12 (329)
MIP

Nosi115/N ]’\‘}’ ; p can be directly obtained from the unbiased L9 charge distribution of MIP
sample, as shown in Figure 3.35.
Considering that L1, L2, and L9 have the same detector response, the charge selection

efficiency of QO > 11.5 (i.e. esZel: 1) can be estimated from cleaner charge distributions such

as those obtained by L1 and L2. In this analysis, four sets of charge distributions are used in-

sel
Z=12

as one of the source of the systematic error:

dependently to calculate € and survival probability, the discrepancy is take into account

e L1 charge distribution obtained by requiring Inner tracker and 4 layers of TOF, the L1

good charge status is also required

e L1 charge distribution obtained by requiring Inner tracker and 4 layers of TOF, the L1
good charge status is not required

e L2 charge distribution obtained by requiring L1, Inner tracker L3-L8 and 4 layers of
TOF, the L2 good charge status is also required
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Fig. 3.35 Ratio between the the number of events in the MIP sample that pass the Q¢ > 11.5,
Ng>11.5, and the total number of events in the MIP sample, N 71 p» for Data (black) and MC
(red).

e L2 charge distribution obtained by requiring L1, Inner tracker L3-L8 and 4 layers of
TOF, the L2 good charge status is not required

Figure 3.36 shows Q79 > 11.5 charge selection efficiency (eSZel: 1») for Data and MC
obtained form 4 sets of L1, L2 charge distributions. The discrepancy in the Q;9 > 11.5
will result in discrepancy in the MC/Data survival probability ratio, which will be one of the

source of the systematic error.

L8-L9 survival probability calculation

With the MIP selection well defined, and the purity of ECAL MIP sample obtained, the
L8-L9 survival probability for Mg nuclei can be evaluated combing equation 3.25 and equa-
tion 3.26. Firstly, the ratio between the number of incoming and outgoing Mg nuclei for
L1Inner and MIP samples (Equations 3.25 and 3.26) are evaluated, as shown in Figure 3.37.

With the L9 efficiencies evaluated from MIP sample and the MIP sample purity, the de-
tection and selection efficiency €4 - £%¢! can be extracted. Finally, with €9 - £%¢! and the L9
efficiencies evaluated from L1Inner sample, the L8-L9 survival probability for Mg nuclei
can be obtained. Because 4 sets of L1 and 12 charge distribution have been independently
used to estimate the purity, therefor 4 sets of survival probability results are obtained cor-
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Fig. 3.36 The selection efficiency of O > 11.5 (i.e. eSZeL]Z) calculated from L1 and L2 charge

distributions with (left) and without (right) applying charge status selection. Black points
show Data L1 result, red points show MC L1 result, blue points show Data L2 result, cyan
points show MC L2 result.

respondingly. Figure 3.38 shows the Mg L8-L9 survival probability for MC and Data, and
their ratio. The MC truth result is also shown as reference.

Since the survival probability are calculated from 4 independent purity estimation meth-
ods, the final MC/Data survival probability ratio is calculated from the average of the four
results, as shown in Figure 3.39.

The error on the MC/Data L8-L9 survival probability ratio comes from several sources:

e statistical error, calculated in rigidity from 2.15 GV to ~80 GV, and then extrapolated
to high rigidity

e since the ratios are calculated from 4 independent purity estimation methods, the max-

imum deviation to the average is accounted in the error

e at low rigidity, larger energy transfer might vary the result, the error is accounted from
the slope of MC truth result.

e at high rigidity (above ~80 GV), MC/Data survival probability ratio is assumed to be
constant. The error due to this assumption is estimated from the slope of MC truth
result.

Figure 3.40 shows the error on the Mg MC/Data L8-19 survival probability ratio. The total
error on the MC/Data ratio is 3% to 4%, which also contributes to the systematical error of
Mg flux.
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abilities are calculated with 4 independent purity estimation methods. The MC truth result
(cyan Diamond points) are also shown.
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3.7.3 Flux normalization correction

The MC/Data ratios of L1-L.2 and L8-L9 survival probability for Mg nuclei deviate from 1
by around 5%, which suggests a discrepancy in the description of inelastic interactions of
Mg nuclei with the AMS materials in MC simulation. Since the L8-L9 survival probability
is included in the L9 efficiency, it is is already corrected by the MC/Data L9 efficiency
correction. Therefore only the discrepancy in the survival probability between the top of the
instrument (above L1) and L8 (e_, ; ) needs to be corrected.

The survival probability between the top of the instrument (above L1) and L8 (e _, ;) for

MC ;_Data
S 1s/€2718)

can be estimated from the ratios of L1 to L2 and L8 to L9 survival probabilities. And the

Data can’t be directly estimated. Instead, the ratio between MC and Data (i.e. €

discrepancy between Data and MC survival probabilities originates from the imperfect MC
cross-section model. The survival probability € depends on the amount of materials and the
interaction cross sections:

e=¢e " (3.30)

where n is the number of the target nuclei per area, o is the interaction cross section on target
nuclei. The difference between interaction cross section in different part of the detector are

neglected, because detector material compositions are very similar [102].

Data
L8’

material amounts between different part of the AMS detector can be evaluated from MC

To estimate EA_)/IES/S information on the material amount #» is needed. The ratio of

survival probabilities:
loge; nmy

~ (3.31)
10g62 n,

Figure 3.41 shows the survival probabilities between different part of the AMS detector

calculated from MC truth. With the above equation, the ratios of material amounts are cal-

culated by the ratios of the logarithms of the survival probabilities, as shown in Figure 3.42.

Then the MC survival probability between the top of the instrument (above L1) to L8
(i.e. sj_‘ffg) can be estimated from the L1 to L2 or L8 to L9 survival probabilities as:

noprg n_rg
MC n _Gn "L8~L9 MC n
— p, O0h_ 18 — —
€ jg=¢ =¢ L8—L9 = (e 8 9) L8—1L9 (3.32)
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Fig. 3.42 The ratios of material amounts between different part of the AMS detector.
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The material amounts are well described by MC. And the ratios of material amounts between

different part of detector for MC and Data can be assumed as the same:

}’IMC Data

L8 L8
MC nData (3.33)
L8—>L9 L8—19

Finally, the MC and Data ratio of the survival probability between the top of the instru-
ment and L8 (i.e. .sM ¢ /£D ‘”") is rescaled from the ratios of L1 to L2 or L8 to L9 survival

probabilities:

MC MC
N 18 hrg
6MC MC MC C
eData eData EDala
—I8 L8—L9 L1->12

Similarly, MC and Data ratio of L1 to L2 survival probability can also be re-scaled from
that of L8 to L9 survival probability. Figure 3.43 shows MC and Data L1 to L2 survival
probability ratio, and the result rescaled from L8 to L9 survival probability ratio. The two

results are in good agreement.
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Fig. 3.43 Ratio of MC to Data L1 to L2 survival probability for Mg nuclei as estimated from
particles traversing the material between Tracker L1 and L2 without fragmenting (blue open
circles) and obtained by rescaling the L.8-L9 survival probability ratio.

Considering that L8 to L9 survival probability have better measurement, the MC and
Data ratio of between above L1 to L8 survival probability is rescaled from L8 to L9 survival

probability ratio. Figure 3.44 shows the Mg above L1 to L8 survival probability ratio. The
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bias between MC and Data is found to be 1.067, which will be taken as a flux normalization

correction. Its uncertainty contributes to the total systematic error of the flux.
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Fig. 3.44 MC to Data ratio of top-of-the-instrument (above L1) to L8 survival probability
for Mg nuclei (red points). The red line shows a constant fit to the ratio.

3.8 Systematic errors

Extensive studies were made of the systematic errors which include the uncertainties due to
the absolute rigidity scale, rigidity resolution function, unfolding procedure, geomagnetic
cutoff, the acceptance calculation, and the DAQ and L1 charge efficiencies. The acceptance
errors include uncertainties coming from Data and MC efficiencies and the Mg nuclei sur-
vival probabilities due to interactions in AMS materials for Data and MC.

3.8.1 Absolute rigidity scale

The shift in the absolute rigidity scale results in inaccuracy of the calibration of rigidity,
there are two contributions to the systematic uncertainty on the rigidity scale [107].

The first is due to residual tracker misalignment. The misalignment happened at the
micron level during the assembling of the detector, and the AMS launch into space due to
vibrations and accelerations. And it also happens during the operation, because L1, Inner
Tracker and L9 work in different thermal environments. The misalignment has been esti-

mated by comparing the ratio between the energy measured with the ECAL and the rigidity
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measured with the tracker for electrons and positrons [115]. After the correction of the mis-
alignment, the residual uncertainty was found to be 1/30 TV,

The second uncertainty on the absolute rigidity scale arises from the Tracker magnetic
field map measurement and its temperature corrections [107]. The uncertainty was found to
be 0.27%.

The absolute rigidity scale shift causes the shift of the rigidity resolution function. There-

fore it can be studied by varying the mean of the rigidity resolution function

e to estimate the error due to residual tracker misalignment: the mean of the core Gaus-
sian of the rigidity resolution function has been shifted by +(1/30) TV~!

e to estimate the error due to the uncertainty of magnetic field map measurement: the

mean of the core Gaussian has been shifted by by +0.27%, i.e. ( ! -

R,,.(1+0.27%)

rec(

L YTV™!
R

rec
Then repeat the unfolding procedure. The systematic error due to the absolute rigidity
scale is then obtained from the ratio between the obtained Mg nuclei fluxes and the original

Mg nuclei fluxes. The result is shown in Figure 3.45.

3.8.2 Resolution function

The parametrization of rigidity resolution function also contributes to the flux uncertainty.
Similar to the study of the systematic error arising from the uncertainty on the absolute
rigidity scale, the error is obtained by varying the width of the Gaussian core of the rigidity
resolution function by 5% and by independently varying the amplitude of the non-Gaussian
tails by 10% according to the measured Silicon Tracker bending coordinate accuracy [81].
Figure 3.46 shows the systematic error due to the parametrization of the rigidity resolution
function for both FS and L1Inner geometries. The FS error is smaller than L1Inner error in
the high rigidity range, because FS has better resolution and higher MDR.

3.8.3 Unfolding procedure

As discussed in Section 3.6.2, the unfolding procedure is performed as an iterative procedure
that minimizes the difference between the measured folded event rate and the folded rate
calculated from a prior flux model. The flux model is parameterized by a series of node
points (xq, y1; Xo, Y25 .3 X, ¥,5). And the positions of the nodes are determined when the
minimized iteration is finished. The systematic error arising from the unfolding procedure

comes from the minimization procedure and the parametrization of the flux model (i.e. the
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Fig. 3.45 Relative systematic error due to the uncertainty on the absolute rigidity scale for
L1Inner (top) and FS (bottom) geometries (black dashed line) calculated summing in quadra-
ture of the contributions from the tracker misalignment (red line) and the magnetic field map

measurement (blue line).
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positions of the nodes). It can be evaluated by varying the nodes of the spline function to
redefine the flux model and then repeating the unfolding procedure until the minimization
converge.

The x- positions of the nodes have been shifted by 20% independently, and the number of
nodes has also been varied by adding or removing one of the x-nodes. The y- positions have
been varied within the statistical error of the Mg nuclei flux. The unfolding procedure has
been repeated using the flux model resulting by repeatedly adjusting the spline fitting func-
tion. The error due to the unfolding procedure has been obtained from the ratio between the
resulting Mg nuclei fluxes and the original Mg nuclei flux. Figure 3.47 shows the systematic

error due to the unfolding procedure.

3.8.4 Geomagnetic cutoff

As mentioned in Section 3.2, a safety factor of 1.2 is applied to the maximum geomagnetic
cutoff in the particle measured rigidity cut to make sure that the selected particle is a cosmic-
ray coming from outside the Earth’s magnetosphere. The geomagnetic cutoff factor has been
varied from 1.0 to 1.4 to evaluate the resulting uncertainty. By varying the safety factor, the
number of collected events and the exposure time for rigidities below 30 GV will change,
Figure 3.48 shows a comparison between Mg nuclei raw fluxes obtained varying the safety
factor from 1.0 to 1.4. As seen in the figure, for rigidities below 30 GV, the error due to

geomagnetic cutoff safety factor is negligible.

3.8.5 Acceptance calculation

The effective acceptance includes geometric acceptance, event reconstruction and selection
efficiencies, and inelastic interactions of nuclei in the AMS materials.

As discussed in Section 3.4, by checking the geometric acceptance with a toy MC, the
error due to the geometric acceptance calculation is negligible (less than 0.3%). The error
due to the discrepancy of event reconstruction and selection efficiencies between Data and
MC is evaluated from the error of the parametrization of Data/MC efficiency ratios.

The error due to the discrepancy of inelastic interactions of nuclei in the AMS materials

between Data and MC is evaluated from the uncertainty of the Mg nuclei survival probability.

Parametrizations of Data/MC efficiency ratios

The error due to the parametrization are already evaluated during the Data/MC efficiency
ratio calculations. As discussed in Section 3.5. The uncertainty in the parametrization comes
from two sources
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(bottom) geometries (black line) calculated summing in quadrature of the error obtained by
adjusting x-node (red line) and the error obtained by varying y-node within the statistical
error of the Mg flux (blue line).
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Fig. 3.48 Mg nuclei L1Inner raw fluxes (top panel) obtained with different geomagnetic
cutoff safety factor values: 1.2 (black), 1.0 (blue), and 1.4 (red), and ratios (bottom panel)
to the original flux (safety factor 1.2) for the fluxes obtained with safety factors 1.0 (blue
points) and 1.4 (red points).

1. the spline fit error, which is determined by the 68% CL interval;

2. the assumption of the shape in the high rigidity range. In order to smooth out the
statistical fluctuation, the Data/MC efficiency ratio is assumed and parameterized to be
a constant at high rigidity. The error is calculated from the slope of the MC efficiency
in the generated rigidity.

Figure 3.49 shows the error due the parametrization of Data/MC efficiency ratio extracted
from the Data/MC overall correction of Figure 3.22 of Section 3.5.

Survival probability

The systematic error due to the discrepancy in the description of inelastic interactions of Mg
nuclei in the AMS materials between Data and MC has been evaluated from the uncertainty
of the Mg nuclei survival probabilities. Extensive studies have been done to evaluate the
uncertainty as shown in Figure 3.40 in Section 3.7. The relative uncertainty arising from the
Mg nuclei survival probability is found to be between 3%-4% in the entire rigidity range.
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Fig. 3.49 The systematic error due the parametrization of Data/MC efficiency ratio for
L1Inner (red), and FS (blue), extracted from the Data/MC overall correction of Figure 3.22
of Section 3.5

3.8.6 Total error of Mg nuclei flux

Error form DAQ efficiency and L1 charge cut inefficiency, as shown in Section 3.3.3 and
Section 3.3.2, evaluated with the same method as other efficiency uncertainties, have <1%
contributions to the total flux error. The contribution of individual sources of the systematic
error are added in quadrature to arrive at the total systematical error. To obtain the final
flux error, the last bin is taken from FS, the other bins are taken form L1Inner, the statistical
errors are taken accordingly. Figure 3.49 shows the total error of Mg nuclei flux and its error
break down. At 100 GV, the Mg nuclei flux has around 4% relative error.
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106 Cosmic-ray magnesium nuclei flux measurement with the AMS experiment

3.9 Mg nuclei flux result

3.9.1 8.5 years Mg nuclei flux

The Mg nuclei flux (multiplied by R*”) and its spectral index in the rigidity range from
2.15GV to 3TV with 2.5 million Mg nuclei events collected by AMS during the first 8.5
years operation from May 19, 2011 to October 30, 2019 are shown in Figure 3.51. The points
of flux are placed along the abscissa at rigidity R calculated for a flux o« R™>7 [116]. The
spectral index is used to examine the rigidity dependence of the fluxes, it has been calculated

in model independent way as
y = d[log(®)]/d[log(R)] (3.35)

over non-overlapping rigidity intervals bounded by 7.09, 12.0, 16.6, 28.8, 45.1, 80.5, 192.0,
441.0, and 3000 GV.
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Fig. 3.51 Mg nuclei flux in the rigidity range from 2.15GV to 3TV with 2.5 million Mg
nuclei events collected by AMS during the first 8.5 years operation from May 19, 2011 to
October 30, 2019. The upper panel shows the flux multiplied by R , the lower panel shows
the spectral index.

As seen in Figure 3.51, the Mg flux deviates from a single power law, and the spectral
index hardens with increasing rigidity above ~200 GV.

AMS Mg nuclei flux is the first and the only measurement in rigidity. As mentioned in
Section 3, previous experiments have measured the the Mg flux as function of kinetic energy
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per nucleon E;. To compare the AMS result to earlier measurements, the rigidity measured

by AMS is converted to kinetic energy per nucleon as
E,=(VZ?R2+ M2 - M)/A (3.36)

where Z, M, and A are the charge, mass, and atomic mass number of a Mg nucleus. By
assuming Mg nuclei incosmic rays are mainly 24Mg [57, 58, 117], Z=12, M=24, A=24
have been used in the calculation.

Figure 3.52 shows the Mg nuclei flux as a function of kinetic energy per nucleon E;
multiplied by Ezj together with earlier measurements [57, 58]. Earlier measurements have
errors larger than 20% at 50 Gev/n), while the total error of the AMS 8.5 years Mg flux is
~ 4% at 100 GV (~ 50 Gev/n).
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Fig. 3.52 Mg nuclei flux as a function of kinetic energy per nucleon E; multiplied E,%j
together with earlier measurements [57, 58]

3.9.2 Comparison to the published result

The work presented in the previous section is an update of a previous analysis based on 7
years of data which has been published in May 2020 [106].

Figure 3.51 shows the Mg flux (multiplied by R>7) based on 7 years of data and its
spectral index.
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Fig. 3.53 Mg nuclei flux in the rigidity range from 2.15GV to 3TV with 2.2 million Mg
nuclei events collected by AMS during the first 7 years operation from May 19, 2011 to May
26, 2018. The upper panel shows the flux multiplied by R*7 , the lower panel shows the
spectral index.

Figure 3.54 shows a comparison of Mg flux between 8.5 years and 7 years results. As
seen, the two results are in good agreement, and the effect caused by solar modulation is not
visible.

Three independent analyses were performed on the 7 years of data within the AMS col-
laboration by groups from the University of Geneva (this work), MIT, and CIEMAT and
Bologna University. As shown in Figure 3.55, the three results were consistent within the

systematic uncertainty.
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3.9.3 Discussion of the Mg nuclei flux result
Primary and secondary components in Mg nuclei flux

As mentioned, the cosmic-ray Mg nuclei are mainly primary. To obtain the fractions of the
primary ¢>§4g and secondary @f/[g components in Mg nuclei flux @, = @f/[g + d)ilg, a fit
of @, to the weighted sum of a heavy primary cosmic ray flux and of a heavy secondary
cosmic ray flux was performed above 5 GV. The Si flux (®g;) and the F flux (@) are used
as templates for the primary and secondary components respectively.

As shown in Figure 3.56, the fit yields Cbil = (0.980 + 0.021) X ®4; and <I>il =232+
0.21) X @, with x2d.f = 4.06/39. The contribution of the secondary component in Mg
nuclei flux decreases with increasing rigidity, and found to be smaller than 10% in rigidities
above ~ 100 GV.

Comparison between Mg and Si fluxes

The Mg flux rigidity dependence is compared to that of other primary cosmic-ray nuclei
of similar mass, Ne and Si, and to light primary cosmic-ray O nuclei. In this study, O and
Si fluxes have been measured from the same AMS dataset (8.5 years) by the University of
Geneva group.

To examine the difference in rigidity dependence of the heavy primary nuclei fluxes, the
Si/Mg flux ratios were computed. Figure 3.57 shows Mg, Si fluxes and Si/Mg flux ratio. The
flux ratios rise with rigidity up to a certain rigidity R, and then reach a plateau (Figure 3.58).
To establish the rigidity intervals where the fluxes have identical rigidity dependence, the

Si/Mg flux ratios have been fitted with the function:

(3.37)

5, | k(RIR)* R<R,
@y k R> R,

The fit to the Si/Mg flux ratio yields: k57M& =0.901 + 0.007, AS"M8 = 0.056 + 0.004,
Ry"™$ = 855+ 15.5, with y%/d.f = 22.85/53. The fit result shows that the Si and Mg
fluxes have an identical rigidity dependence above 86.5 GV (upper edge of the rigidity bin
containing 85.5 GV).

Additional study with the fit to the Ne/Mg flux ratio [106] shows that the Ne and Mg
fluxes have an identical rigidity dependence above 3.65 GV. From the fit results, it can be
concluded that Ne, Mg, and Si fluxes have an identical rigidity dependence above 86.5 GV.

This is a unique observation of the properties of cosmic-ray Ne, Mg, and Si nuclei.
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Fig. 3.56 Mg nuclei flux ®,,, fit to the weighted sum of Si nuclei flux @, and F nuclei flux

@ above 5GV, i.e. Py, = @ﬁg + CD‘;lg (top plot), with the yellow shaded area showing
the contribution of the primary component, the green area showing the contribution of the
secondary component. And the fractions of primary (yellow line) and secondary (green line)
components of Mg flux (bottom plot) obtained from the fit. To reduce statistical fluctuations,
for rigidity above 28.8 GV, every two bins have been merged into one bin.
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panel). The fluxes have been multiplied by R*’. For display purposes only, the Si flux was
rescaled as indicated. The solid curves show the fit results with equation 3.37, the fit range
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Fig. 3.58 The Si/Mg flux ratio with its total errors as functions of rigidity. The solid curve
show the fit result with equation 3.37. As seen, the Si and Mg fluxes have identical rigidity

dependence above 86.5 GV.
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Comparison between Mg and O fluxes

As introduced in Section 1.4 of Chapter 1, the previous AMS results on lighter primary
cosmic rays He, C, and O [81] show that they have identical rigidity dependence above
60 GV. Figure 3.59 shows Mg and O fluxes and their ratio.
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Fig. 3.59 Mg (red points) and O (blue points) fluxes multiplied by R>” (top panel) and Mg/O
flux ratio (bottom panel) with their total errors as functions of rigidity. For display purposes
only, the O flux has been rescaled as indicated. The solid red curve shows the fit results with
equation 3.38.

As seen, in high rigidity range, the Mg/O flux ratio (Figure 3.60) decreases with increas-
ing rigidity. To examine the rigidity dependence, Mg/O is fitted to the double power law:

() C(R/86.5GV)® R <86.5
q)Mg { ( ) (3.38)
(0}

) C(R86.5GV)’ R> 865

The fit yields CM#© = 0.199+0.001, AM&© = _0.008+0.008, §M¢/0 = —0.044+0.017,
with y?/d.f = 14.41/53. The fit result shows that the Mg and O have different behavior in
rigidity above 86.5 GV. Additional studies with the fit to Ne/O, and Si/O [106] show that the
fits yield the 6V el0 §M8l0 and 5570 are fully compatible with each other and different from
zero by more than S¢.

It can be concluded that, above 86.5 GV, the rigidity dependence of primary cosmic ray
Ne, Mg and Si is fluxes is different from the rigidity dependence of lighter primary cosmic
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Fig. 3.60 Mg/O flux ratio with its total errors as function of rigidity. The solid curves show
the fit results with equation 3.38. The fit result shows that the O and Mg fluxes have different

rigidity dependence from rigidity above 86.5 GV

ray He, C, and O. This shows that the Ne, Mg, and Si and He, C, and O are two different

classes of primary cosmic rays.
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Chapter 4

Cosmic-ray Aluminum nuclei flux

measurement

Aluminum (Al) nuclei in cosmic rays are thought to be produced both in astrophysical
sources and by the collisions of heavier nuclei with the interstellar medium [118, 119, 45].
Precise knowledge of the rigidity dependence of the Al flux provides important information
on the cosmic ray production and propagation. And as mentioned in Section 1.3 of Chap-
ter 1, with the Al/Mg flux ratio, the energy dependence of the cosmic-ray residence time can
be quantitatively examined. The Aluminum nuclei flux as a function of rigidity has been
measured using the same rigidity binning and data set that were used for the measurement
of the Mg nuclei flux to obtain the Al/Mg flux ratio.

In this chapter, the precision measurement of the Al flux in the rigidity range from
2.15GV to 3.0 TV based on 0.5 million Al nuclei collected by AMS-02 during its first 8.5
years (May 19, 2011 to October 30, 2019) of operation aboard the International Space Station
will be presented.

4.1 Event Selection and Event Counts

Same as the Mg analysis, the latest version of reconstructed Data (version B/130 pass7) and
Al MC (version B1220) are used in this analysis.

Event Selection

The event selection for Al is based on the same set of cuts used for Mg, with only the charge

cuts adapted to select nuclei compatible with Z=13:

e Tracker L1 charge Q[11.5326, 13.8379] for Data, and L.1 Q>11.5326 for MC
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e Inner Tracker charge Q[12.52, 13.48]
e UTOF Q[12.285, 14.5]
e LTOF Q>12.285 for FS analysis

e Tracker L9 charge [12.2876 , 14.4674] for FS analysis only

Event counts and rates

Given that the Al nuclei are collected in the same time period (8.5 years, from May 19,
2011 to October 30, 2019) as Mg, the Al exposure time is also the same as Mg shown in
Section 3.2 of Figure 3.3.

During the first 8.5 years of operation, the AMS-02 detector has collected 0.5 million
Al nuclei events. Figure 4.1 shows the Al raw event counts and rates for L1Inner and FS

geometries.

Below L1 background and L1 charge cut inefficiency

Similar to the Mg nuclei analysis discussed in Section 3.3.2 of Chapter 3, the below L1 back-
ground for Al nuclei is a residual background from the interactions of heavier nuclei such as
Si, S and P in the material between Tracker L1 and L2, which is evaluated by fitting the Al L1
charge distribution with charge templates of Si, S and P nuclei. Compared to Mg, the major
challenge in the Al nuclei measurement is the background evaluation because the neighbor-
ing nuclei Mg and Si are around 6 times more abundant than Al, and may contaminate the
Al sample.

Figure 4.2 and 4.3 shows the Al Tracker L1 charge template fit result in one of the
42 rigidity bins and the below L1 background for Al as a function of rigidity. The residual
background from the interactions of Si in the material between Tracker L1 and L2 is between
7%-15%. While as discussed in Section 3.3.2, the below L1 background for Mg is negligible
(less than ~ 0.3%) over the entire rigidity range.

The L1 charge cut inefficiency for Al nuclei £, was estimated on Data using the same
method applied to Mg, from Al L2 non-interacting samples. The result is shown in Fig-
ure 4.4, and it is found to be similar to the Mg result (~ 97 %).

Top of the instrument background

In the case of Al nuclei, the top of the instrument background is due to nuclei heavier than
Al, mainly Si and S, interacting in materials above Tracker L1. Similar to the evaluation for
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Fig. 4.1 The AMS-02 8.5 years Al event counts (top) and event rates (bottom) as functions
of rigidity. The red points show L1Inner result, the blue points show FS result.
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Fig. 4.2 Tracker L1 charge distribution for charge Z=13 sample selected using UTOF and
Inner Tracker in the rigidity range between 21.1 and 22.8 GV (black points). The solid red
curve shows the fit using Al, Si, and P PDFs. The PDF templates are obtained from L2 non-
interacting samples. The vertical dashed lines show the charge selection cuts applied to L1.
In this rigidity range, the below L1 background arising from Si nuclei contaminating the Al
sample is 7.899%.
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Fig. 4.4 Al Data Tracker L1 charge cut inefficiency €, as a function of rigidity. £, is
calculated from Al L2 charge template obtained from the Tracker L2 charge distribution of
unfragmented Al sample.
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Mg nuclei discussed in Section 3.3.2 of Chapter 3, the the top of the instrument background
Cy Axal

> q)gl AAI

taminated Al flux, @y is the flux of heavier nuclei X such as Si and S, A, is the Al effective

correction for Al nuclei is evaluated by ZSi , where <I>f4 ; is the background con-

acceptance, and Ay _, 4 is the the effective acceptance of heavier nuclei X fragmenting to
Al

This background (Figure 4.5) is found to be ~ 6 % at 100 GV which is around 6 time
larger compared to the result form Mg.
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Fig. 4.5 Al top of the instrument background as a function of rigidity (black points) arising
from interaction of nuclei heavier than Al with the thin material above Tracker L.1. The main
contributions come from Si (blue points) and S (red points) nuclei interactions. The red solid
curve shows the spline fit to the total background.

DAQ efficiency

Al and Mg have similar charge and mass, and they create similar event size in DAQ system,
so the DAQ efficiency results are similar. But the Al result has large error due to the statistics
(Figure 4.6).
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Fig. 4.6 Al 8.5 years DAQ efficiency as a function of rigidity (blue solid points) and its
parametrization (light green curve). For reference, the red points show the DAQ efficiency
before February 2016 with the old DAQ setting.

4.2 Effective acceptance

4.2.1 MC effective acceptance

Similar to the Mg analysis, the total number of MC generated events is counted directly from
full MC simulation and then distributed into the rigidity bins following 1/R. For the latest
version of Al MC (version B1220), the number of MC generated events is 8°709°578°752
for L1 focused MC, and 8°932°601°856 for L19 focused MC. Figure 4.7 shows the Al MC
effective acceptance for L1Inner and FS geometries.

4.2.2 Data/MC corrections
Inner tracker efficiency

For Mg study, the Inner tracker reconstruction and charge efficiencies are evaluated together.
While for Al, without requiring 7 layers of Inner Tracker, the contamination from Mg and
Si in the sample could be large and bias the efficiency estimation.

To avoid the bias from contamination, reconstruction and charge efficiencies are evalu-

ated separately.
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Fig. 4.7 Al MC effective acceptance as a function of rigidity for L1Inner (red points) and FS
(blue points) geometries. The red and blue solid curves show the spline fit to L1Inner and
FS results respectively.

Inner tracker reconstruction efficiency evaluates the probability that the event has a
well reconstructed Inner Tracker track. This efficiency is not affected by the contam-

ination since it does not depend on the charge value.

Inner tracker charge efficiency evaluates the probability that the event which has a well
reconstructed Inner Tracker track has the charge measured by tracker compatible with
the charge of a Al nucleus (Z=13). The charge efficiency is just a charge cut efficiency,
and it is estimated on a clean sample obtained by requiring tight charge cuts on Tracker
L1, the 4 layers of TOF and Tracker L9.

The inner tracker reconstruction efficiency is estimated on an Al sample selected by the

following cuts:

bad runs removal, SAA and RTI cut, requiring physical trigger

TOF standalone built by requiring TRD Track matched with TOF Track
good unbiased TOF g

TOF and TRD track extrapolation within the Tracker L1-L9 fiducial volume

unbiased X- and Y- side hits on Tracker L.1 and L9 (for FS study)
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e unbiased Tracker L1 charge cut Q[11.8,14.4], and good charge status
e tight charge cuts on the unbiased charge of 4 TOF layers
e unbiased Tracker L9 charge cut Q[12.2876 , 14.4674] (for FS)

The inner Tracker reconstruction efficiency is obtained requiring that the selected events
have a well reconstructed track, matching the TOF track, and charge measured by Inner
tracker greater than 10.5.

Figure 4.8 shows the Inner Tracker reconstruction efficiency where the TOF unbiased f
and the rigidity cutoff R, as rigidity estimators. The Data to MC efficiency ratio is calculated
with g estimator for R<6.4 GV, and R, estimator for rigidity between 6.4 GV and 20 GV.
Since the estimator is only valid up to 20 GV, the ratio is assumed to be constant at higher
rigidity, and the error band of the parametrization result is calculated from the slope of the
MC efficiency function of the generated rigidity.

The Inner tracker charge efficiency is estimated on a sample of Al selected by the Al
nuclei event selection without the Inner Tracker charge cut. To minimize the contamination,
tight charge cuts on Tracker L1, the 4 layers of TOF and Tracker L9 have been required. The
Inner tracker charge efficiency is obtained requiring that the selected events have the Inner
tracker charge compatible with an Al nucleus.

Figure 4.9 shows the Inner Tracker charge efficiency, the discrepancy between Data and
MC is smaller than 1%. The product of Inner tracker reconstruction and charge efficiencies

gives the total Inner Tracker efficiency.

TOF charge efficiency

The sample of the TOF charge efficiency is selected by the Inner Tracker and the Tracker
external layers including L1 and L9 (for FS study) with tighter charge cuts. The TOF charge
efficiency is then evaluated counting the events that pass UTOF and LTOF (for FS study)
charge cuts. Without requiring the charge cuts of 4 layers of TOF, the sample of Al TOF
charge efficiency is contaminated by Si and Mg. The contamination can be estimated from
MC by mixing Mg, Al and Si MC in a proportion similar to their natural abundance, that
1s Mg:Al:Si=5:1:4.55. Figure 4.10 shows the composition of TOF charge efficiency sample
estimated form MC mixture, The contamination from Si contributes for around 30%.
Considering that the charge of Al nuclei is in between that of Mg and Si, it is reasonable
to assume that the TOF charge efficiency for Al is also in between the values for Mg and
Si. Therefore, Al TOF charge efficiency can be estimated as the average of Mg and Si TOF
charge efficiencies. Mg TOF charge efficiency has been obtained in Section 3.5.4, and Si
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Fig. 4.8 Al Inner Tracker reconstruction efficiency as a function of rigidity for L1Inner (top)
and FS (bottom) geometries. In the upper panel of the plots, The solid points show Data
Inner Tracker efficiency as functions of estimated rigidity obtained from TOF f (cyan points)
and R, (green), open red and yellow points show the MC result with f and R, estimator
respectively. For reference, the blue points show the MC efficiency as a function of the
generated rigidity. The lower panel shows the ratio between Data and MC efficiencies (black
points) and the spline fit on the efficiency ratio of 68% C.L intervals. For rigidities above
20 GV, the error band of the spline fit is calculated from the slope of the MC generated
efficiency. The ratio is calculated with g estimator for R< 6.4 GV ,and R, estimator for
rigidity beteen 6.4 GV and 20 GV.
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Fig. 4.9 Al Inner Tracker charge efficiency as a function of rigidity for L1Inner (top) and
FS (bottom) geometries. In the upper panel of the plots, The black points show Data TOF
charge efficiency, the red points show the MC result (function of reconstructed rigidity),
and the blue points show the MC efficiency as function of the generated rigidity. The lower
panel shows the ratio between Data and MC efficiencies (black points) and the spline fit on
the efficiency ratio of 68% C.L intervals. For rigidities above ~ 20 GV, the error band of
the spline fit is calculated from the slope of the MC efficiency as a function of the generated
rigidity.
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Fig. 4.10 Composition of the Z=13 sample selected by the Inner Tracker and the Tracker L1
with tighter charge cuts, estimated from MC by mixing Mg, Al and Si MC in a proportion
reflecting their natural abundance, i.e. Mg:Al:Si=5:1:4.55. The Al signal (Red points) in the

sample contributes for about 70%, and the contamination from Si (green points) amounts to
30%.

result can be evaluated the same way as Mg. Figure 4.11 shows Al TOF charge efficiency
estimated with the average of Mg and Si results.

Trigger efficiency

Al trigger efficiency is estimated in the same way as TOF charge efficiency. Figure 4.12
shows Al trigger efficiency estimated as the average of Mg and Si results.

Opverall correction

The other efficiencies including Tracker L1 BZ, Tracker L1 pick-up and Tracker L9 efficien-
cies are evaluated in the same way as for the Mg study.

Figure 4.13 shows the overall Al Data/MC efficiency correction. The overall correc-
tions of Al for L1Inner and FS geometries are found to be ~ 5% larger than those of Mg as

discussed in Section 3.5 of Chapter 3, due to larger contamination in Al Data sample.
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Fig. 4.11 Al TOF charge Data/MC efficiency ratio (bottom panel) evaluated as the average
of Mg (blue points) and Si (red points) efficiencies as a function of rigidity for L1Inner (top)
and FS (bottom) geometries. The lower panels show the Data/MC efficiency ratios, and the
spline fit of the average of the Mg and Si efficiencies.
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Fig. 4.12 Al trigger Data/MC efficiency ratio (bottom panel) evaluated as the average of Mg
(blue points) and Si (red points) efficiencies as a function of rigidity. The green curve shows
the spline fit to the average efficiencies.

4.3 Unfolding

The 2D rigidity resolution a function for Al nuclei is constructed following the same method
described for Mg nuclei. Figure 4.14 shows the rigidity dependence of the o of core Gaus-
sian. The MDR for Al nuclei is 1.30 TV for L1Inner, and 2.86 TV for FS, similar to those
found for Mg nuclei.

The unfolded Al L1Inner and FS fluxes are obtained by applying L1Inner and FS com-
bined forward unfolding procedure. Figure 4.15 shows the Al unfolding factor, and Fig-
ure 4.16 shows the Al unfolded flux with statistical error.

Based on previous cross section and survival probability studies, the cross section has
been well tuned according to the Data in the latest F, Na and Al MC, so that additional flux

normalization correction is not needed for Al flux.

4.4 Flux error

The systematic error of Al flux includes errors from the absolute rigidity scale, the resolution

function, the unfolding procedure, acceptance, DAQ efficiency, and L1 charge inefficiency.
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efficiency ratios.
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(MDR).
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The contribution of individual sources of the systematic error have been evaluated and added
in quadrature to obtain the total systematical error.

The flux value and associated error in the last rigidity bin is taken from the FS result,
while below 1.2 TV, flux values and errors are taken form the L1Inner result. Figure 4.17
shows the total error of Al flux and its error break down. At 100 GV, Al flux has around 5%

relative error.
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Fig. 4.17 Al flux error break down including total error (blue dashed line), statistical er-
ror (red dashed line), total systematic error (black dashed line), and the components of the
systematic error (solid lines).

4.5 Al nuclei flux

4.5.1 8.5 years Al flux

The Al flux (multiplied by R*7) with total error and its spectral index in the rigidity range
from 2.15 GV to 3TV with 0.5 million Al nuclei events collected by AMS during the first
8.5 years operation from May 19, 2011 to October 30, 2019 are shown in Figure 4.18. The
variation of the Al nuclei flux spectral indices with rigidity is obtained in a model indepen-
dent way from y = d[log(®)]/d[log(R)] over non-overlapping rigidity intervals bounded by
7.09, 12.0, 16.6, 28.8, 45.1, 80.5, 211.0, and 3000.0 GV. Similar to the Mg nuclei flux, the
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Al flux deviates from a single power law, and the spectral index hardens with increasing
rigidity above ~ 200 GV.
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Fig. 4.18 Al nuclei flux with total error in the rigidity range from 2.15GV to 3TV with 0.5
million Al nuclei events collected by AMS during the first 8.5 years operation from May 19,
2011 to October 30, 2019. The upper panel shows the Al nuclei flux multiplied by R*” , the
lower panel shows the spectral index.

Over the last 50 years, few cosmic ray experiments have measured the Al flux in kinetic
energy up to ~ 150 Gev/n [57, 58]. The measurements errors exceed 50% at 50 GeV/n.
AMS Al flux is the first and the only measurement in rigidity. To compare with earlier
measurements, the rigidity measured by AMS is converted to kinetic energy per nucleon by
assuming Al nuclei in Al flux is mainly composed by %;Al [57, 58, 120].

Figure 4.19 shows the AMS Al nuclei flux as a function of kinetic energy per nucleon
E;, multiplied Ei'7 together with earlier measurements [57, 58]. The total error of AMS 8.5
years Al flux is ~ 5% at 100 GV (~ 50 Gev/n).

Four independent Al flux analyses were performed within the AMS Collaboration by
groups from the University of Geneva (this work), MIT, INFN-Bologna and IHEP. As shown
in Figure 4.20, the four results are compatible with each other. This work has contributed to
the paper [121].

4.5.2 Discussion of the Al nuclei flux result

As mentioned in Section 1.4 of Chapter 1, previous AMS measurement [83] showed that

the N nuclei flux is well described over the entire rigidity range by the sum of the primary
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Fig. 4.19 Al flux as a function of kinetic energy per nucleon E; multiplied E,%j together with
earlier measurements [57, 58].
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Fig. 4.20 Comparison of 8.5 years Al nuclei flux resulting from the independent analysis
carried out at the University of Geneva (this work, red points), MIT (green squares), INFN-
Bologna (blue up-triangles), and IHEP (orange down-triangles). The lower panel shows the
ratio between each result and the average, together with the average of systematical error
band.
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flux and the secondary flux, and its fraction of primary component increases with rigidity.
Similar to N, Al nuclei in cosmic rays are also thought to be produced both in astrophysical
sources, and by the collisions of heavier nuclei with the interstellar medium.

To obtain the fractions of the primary CDil and secondary d)il components in Al nuclei
flux ® 4, = d)i T+ @il, a fit of @ 4, to the weighted sum of a heavy primary cosmic ray flux
and of a heavy secondary cosmic ray flux was performed above 5 GV. The Si flux (®g;) and

the F flux (® ) are used as templates for the primary and secondary components respectively.

T ST T TR T
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Fig. 4.21 Al flux @, fit to the weighted sum of Si flux ®g; and F flux @ above 5GV,
re. ®y = CDil + d)il. The yellow shaded area shows the contribution of the primary
component, the green area shows the contribution of the secondary component. To reduce

statistical fluctuations, for rigidity above 28.8 GV, every two bins have been merged into one
bin.

As shown in Figure 4.21, the fit yields Cbil = (0.101 £+ 0.004) X ®g; and CI);S;I =
(1.11 £ 0.04) X ®©  with 22/d.f = 14.56/39. Similar to what observed for N flux [83], the
contribution of the secondary component in Al flux (Figure 4.22) decreases with increasing
rigidity, while the contributions of the primary component increases with rigidity.

The latest measurement of Na flux observed the same behavior as N and Al. It can be
concluded that N, Na, and Al belong to a distinct group and are combinations of primary
and secondary cosmic rays [121].

Together with the measurement of light nuclei from He to F introduced in Chapter 1,

and Ne Mg Si discussed in Chapter 3, AMS has measured the fluxes of cosmic nuclei as a
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Fig. 4.22 The fractions of primary (yellow line) and secondary (green line) components of
Al flux. The results are obtained by fitting Al flux @ 4, to the weighted sum of Si flux ®g; and
F flux ® above 6 GV. To reduce statistical fluctuations, for rigidity above 28.8 GV, every
two bins have been merged into one bin.
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function of rigidity from Z = 2 to Z = 14. The observation shows that there are two classes
of primary cosmic rays, He-C-O and Ne-Mg-Si, and two classes of secondary cosmic rays,
Li-Be-B and F. Moreover, N, Na, and Al, belong to a distinct group and are combinations of
primary and secondary cosmic rays.






Chapter 5

Cosmic ray age and Be/B and Al/Mg flux
ratios: a feasibility study

5.1 Introduction

As mentioned in Section 1.3 of Chapter 1, the fluxes of radioactive secondary cosmic-ray
isotopes such as '°Be and 2°Al are the tools to study the cosmic-ray residence time ?,,,.
However, due to the limitation of experimental techniques, isotopes can only be measured
up to ~ 20GV. AMS is able to measure charged nuclei fluxes up to the TV. The rigidity
dependence of the cosmic-ray residence time 7, can be extracted from the Be/B and Al/Mg
decaying charge to decayed charge flux ratios.

In this work, 7, is extracted in a model-independent approach based on several assump-
tions [122, 123], including secondary cosmic rays with the same rigidity propagate through
the ISM in the same way, product nuclei have the same rigidity as primaries, and the relative
composition of cosmic rays is uniform in time and space throughout the production pro-
cess of secondaries. These assumptions yield that the ratio of local densities of two stable

secondary cosmic-ray species approximately equal to the ratio of their net production rates:

n(R) O, (R)

~ (5.1)
”b(R) Qb(R)

where a and b denote two stable secondary cosmic-ray species, n,(R) is the rigidity depen-
dent local densities of stable cosmic-ray species a, Q, is the net production rate of species a,
and same for species b. Note that the relation holds true in a wide context, and it is satisfied
in many specific cosmic-ray propagation models such as the disc-halo diffusion models and
the leaky-box model [123].
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The cosmic-ray grammage
The local density n;(R) of a stable secondary cosmic-ray specie i such as B, F, and sub-Iron
nuclei, can be retrieved from equation 5.1 with the following equation:

n(R) = Qi(R)X o (R) (5.2)

where X
traversed by the cosmic rays and has the unit of g/cm?. X
t

esc(R) 1s the cosmic-ray grammage which describes the column density of ISM

0sc(R) 18 a key parameter to extract

esc» and it is assumed to be independent of cosmic-ray specie.
The net production rate Q¢(R) of a secondary cosmic-ray species is calculated by its
production rate due to the spallation of its parent species P subtracted by the loss rate due to

its own spallation with ISM:

Op-s Os
QS: Np ——nhg (53)
2oy

where np is the local density of the parent cosmic-ray specie P, op_, ¢ is the spallation cross
section of the parent nuclei P into the secondary nuclei S per ISM particle, o is the total
spallation cross section of S per ISM particle, m is the average ISM particle mass estimated to
be m ~ 1.3m,, where m, ~ 0.938 GeV is the proton mass, by assuming the ISM is composed
of 90% H and 10% He.

Combining equations 5.2 and 5.3 and expressing the local densities in terms of fluxes,

p

the flux of a stable secondary cosmic-ray nuclei (S) can be calculated from the fluxes of

parent nuclei (P) and the spallation cross sections:

Ops

Xesc ZP (DP m

Og
1 + Xesc?

From the above equation the cosmic-ray grammage X ,,. can be extracted as

Y - Ps (5.5)

esc op o
ZP (I)P =5 <I)S_S
m m
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The '°Be decay suppression factor /Be

As shown in the Table 1.1 of Chapter 1, the radioactive secondary cosmic-ray 10Be decays
to '9B. The decay suppression factor SBe Of 10B¢ can be defined as:

B Diog,

= — 5.6)
TBe Diog, (

where @10, is the observed 10Be flux, and CbloBe is the '°Be flux in the limit of infinite decay
time, for which 10Be are treated as stable nuclei.

By definition, the decay suppression factor f of a radioactive secondary cosmic-ray
esc- 1t
> 1.

specie depends on the decay time of the nucleus 7, and the cosmic-ray residence time ¢

increases with the increasing 7,/,,. and reaches the limit of f = 1 in the case of 7,;/¢

esc esc

Since ¢, 1s known, ?,,. can be extracted from f.

esc
Be is composed of the stable isotopes 'Be and *Be and the radioactive isotope '“Be. B
is composed of two stable isotopes '°B and !'B, with part of '°B coming from the decay of

10Be, Using equation 5.6, the observed Be/B flux ratio can be expressed as:

D, B D7y, + Doy, + f(i)loBe
Qg Dug + Dig + (1 — fp)éDiog,

(5.7)

where all fluxes are expressed as functions of rigidity. The correction factor & is applied to
take into account that the daughter nuclei inherits the kinetic energy per nucleon of parent
nuclei. For °Be decay, & is calculated by [122]

& = (5/4)' "0 (5.8)

where aiog, = —y10p, With yiop, the spectral index of 10Be flux. Since the '°Be flux is not
available at high energy, aiog, is estimated from the beryllium and boron nuclei fluxes with
an iteration method [122]: £V is obtained by assuming aio0p, 1s equal to ag,; then with ag
obtained from B nuclei flux, aiog, is estimated to be ag —dlog f Dya logR. Further iterations
are not needed giving the fact that f is not sensitive to £, and £ is not very sensitive to aiog,
neither.

Combining equation 5.4 and 5.7, the Be/B flux ratio can be written as [122]:

D, ZP (I)P(G;_)7,9Be/m + fBeOP_108c/M)
Dy 2p (I)P(G;_)B/m + (1 = fo)éop_10g./m)

(5.9)
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where the cross section terms ¢, ,/m and a; /m are calculated with the following for-

P ~79Be
mulas: o1
Be
Cp_p X m_%B
= — o5 (5.10)
. ‘B m
i=10,11 1+ Xesc?
GlOBe
* 1+ X, 50—
Op_79Be _ ¢ m Oige (5.11)
m OiBe m '
i=79 1+ Xesc .
with X, derived from the B flux using equation 5.5.

To obtain fg., the following two variables are defined from the cross sections and the

*
6P—>7’9Be Op_,10Be
2pPp +

(DBe m m
(%).-

%
2 ® 6P—>B
P =P m

fluxes:

Z ® 6P—>7’9Be
P *P
H =1+ m (5.13)

Op_, 108
XpPp—
m

where (®g./Pg),, 1s the Be/B flux ratio in the limit of infinite 10Be decay time.
Finally, the decay suppression factor fp, = CI)mBe/(i)loBe can be extracted from Be/B flux

o
fremlo—2 |1 A8 (5.14)

(I)Be (DBe
1+<®B>%E <CDB>00

The %Al decay suppression factor f Al

ratio (equations 5.5 to 5.13):

Similarly, the decay suppression factor of 2°Al, f A1 = @26 ,,/®26,,, can be extracted from
the Al/Mg flux ratio:

q)Al _ fA1q~)26Al + 627A1
(I)Mg d~>24Mg + (]325Mg + Ci)zeMg +(1- fAl)fci)zsAl

(5.15)

where X . can be calculated from the stable secondary cosmic-ray nuclei B or from F, to

check the assumption that X ,,. does not depend on cosmic-ray specie
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Ingredients to extract f/ from Be/B and Al/Mg

To extract f from Be/B and Al/Mg flux, many fluxes and cross sections data are needed:
1. Be, B and Al, F fluxes and their parent nuclei fluxes (up to Fe);
2. total spallation cross sections of Be, B, Al, F;
3. cross sections of Be, B, Al, F isotopes due to the spallation of their parent isotopes.

AMS has measured cosmic-ray nuclei fluxes from H (Z=1) to Si (Z=14) and Fe (Z=26) in
the rigidity range from ~ 2 GV to ~ 3 TV with unprecedented accuracy [65, 124, 121, 125].
The S (Z=16) nuclei flux has also been measured by AMS, although not published yet. The
parent nuclei fluxes of Be and B, especially for those having major contributions such as
C and O, are well measured. While for F and Al, some of their parents nuclei fluxes ( Z
between 17 and 25) are still missing. The cross section data of light nuclei have been mea-
sured by many experiments, all the needed cross section for Be/B are available even though
at low energies. While, for Al and F, many cross section measurements are still missing
(Appendix B). Moreover, as shown in Appendix B, the cross sections are measured at low
energies (typically below GeV/n). In this analysis, the cross section values are extrapolated
to high energies by assuming they are constants.

The cosmic-ray residence time 7,,. can be inferred from the decay suppression factor

esc

fge of 1°Be. And f3, can be extracted from Be/B using AMS flux data and experimental

cross section data. Ideally, with the similar calculation procedure, 7,,. can also be obtained

esc
from the 2Al decay suppression factor f a1 extracted from Al/Mg, which will provide an
independent cross check. But due to missing data on parent nuclei fluxes and spallation
cross section, a thorough calculation of f,; from Al/Mg is not yet possible.

The result of fg, from Be/B will be shown in the next section. A preliminary study of

extracting f; from Al/Mg will be shown in the last section.

5.2 Extracting f from the Be/B flux ratio

5.2.1 Cosmic-ray grammage X,

To extract fp, from the Be/B flux ratio, X
ray B. According to equation 5.5, X, is calculated as:

osc 18 deduced from the stable secondary cosmic-

®,/D
X = B'7C (5.16)

esc O-P—)B O-B
2 P=C.N.ONeMg.si.s.Fe Pr/Pc e (I)B/CDC?
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where the parent nuclei of B include C, N, O, Ne, Mg, Si, S, and Fe. The contribution from
10Be¢ —10 B can be safely neglected [122].

Although '°Be is radioactive, X
which the '“Be decay is expected to produce a deviation from X

sc can also be calculated from Be as a cross-check, for

osc Calculated from B,

Dp /D¢
Kese = Y o (5.17)
— Qg /D

m

ZP=B,C,N,O,Ne,Mg,Si,S,Fe q)P/q)C

AMS fluxes

Figure 5.1 shows the fluxes ratios of Be/C, B/C, N/C, O/C, Ne/C, Mg/C, Si/C, S/C, and Fe/C
in the rigidity from 5 GV to 3TV measured by AMS [65, 124, 125]. Data below rigidity
5 GV are not used to avoid solar modulation effect and non-relativistic effects.

Moreover, Figure 5.2 shows their spectral indices (y) as a function of rigidity, defined in

Section 3.9 and calculated using sliding windows over rigidity.

Total cross section

To evaluate X,,. with equation 5.16 and equation 5.17, the total cross section of B and Be

esc
per ISM unit mass o g/m and o g,/m are needed.
The total cross section of projectile A, scattering on target A, is estimated with the fol-

lowing energy independent phenomenological formula [126, 122]:
01o(Ay A) = 1rg(A) + AP — b)? [mb] (5.18)

with ry = 3.57 and b = 0.83. The total cross section of cosmic-ray nuclei A scattering on H
target (A, = 1) can be calculated with:

0,,(H) = 73.57(A"3 + 1 - 0.83)? [mb] (5.19)

The total cross section on He target can be obtained in the same way, and it can be written
as G, (He) = 0, (H) x 2002
tot tot Gtot(H) .

As mentioned, ISM is assumed to be composed of 90% H and 10% He. Therefore o,,,/m
for cosmic-ray nuclei Ap can be estimated with:
o, (Ap,4
0.96(H) +0.16(m) 224V
% _ 090'(H)+010'(H€) ~ Gtot(AP’ 1)

09my +0.1my, 1.3m,

(5.20)
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Fig. 5.1 The fluxes ratios of Be/C, B/C, N/C, O/C, Ne/C, Mg/C, Si/C, S/C, and Fe/C in the
rigidity from 5 GV to 3TV measured by AMS [65, 124, 125]. The Ne, Mg, Si, S and Fe
fluxes have been rebinned to have the same binning of lighter nuclei fluxes. The correlations
in the systematic errors from uncertainties in nuclear interaction cross sections, unfolding
procedure and absolute rigidity scale have been subtracted.
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Fig. 5.2 The spectral index of AMS fluxes of Be, B, C, O, Ne, Mg, Si, S, and Fe in the rigidity
from ~ 5GV to ~ 3TV. The spectral index y are defined in Section 3.9 and calculated with
the sliding windows over rigidity.
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Combining the above formula, with the isotopic composition listed in Appendix A, the

total cross sections for Be and B on ISM target per unit mass are:

O
— ~ 194.492 [mb/GeV]
m

O Be
~ 159.252 [mb/GeV]
m

The relative errors on the total cross sections are estimated to be 15% by comparing
some of the available cross section data on C target [102] with the predicted values from the
phenomenological formula (equation 5.18).

Isotopic cross section

The isotopic fragmentation cross sections on H target are listed in Appendix A. And the
cross sections on ISM target are then calculated with equation 5.20. Similar to equation 5.8,
a rigidity correction factor &' needs to be applied to the cross sections to account for the

effect of non-conserved rigidity between parent (P) and daughter (S), i.e.,

6-P—>S = §,O_P_)S (521)
with )
AlZ —ap
o (WD (5.22)
(AlZ)g
where A is the mass number, Z is the charge and ap = —yp is additive inverse of the

rigidity dependent spectral index of the parent nucleus flux. In the cross section calculation,
the spectral indices of isotopes are estimated from those of the corresponding nuclei fluxes.

In equation 5.16, to obtain the P — B spallation cross sections (cp_, g), the contributions
from ghost nuclei channels must be included. The short-lived isotopes '°C with the half life
of 19.3 s and branching ratio Br(lOC 10 B) = 1, and ''C with the half life of 20.36 min

and branching ratio Br(!!C —!! B) = 1 contribute to 6p_, 5:
_ 10 10 11 11
op_ g =0p_i0g + 0p_oc X Br(""C =" B)+op_ug+op_1ic X Br(""C—""B) (5.23)

The cross sections of parent nuclei P fragmenting to each of the B isotopes are calculated
taking into account the natural isotopic composition of the parent nuclei in cosmic rays. As

an example, the cross section of C fragmenting to !B (i.e., 6¢_ 10p) is calculated as:

Ocol0g = f120'12c_)103 +f13613c_)103 +f14o-14C—>10B (524)
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where C is composed of '2C, *C, and '*C with relative abundances f,, f13. and f4. The
isotopic composition of cosmic-ray nuclei are listed in Table A.1 of Appendix A.
The correction factor in equation 5.22 introduces a rigidity dependence to the cross sec-

tions op_, p and op_, p,.

X,

osc results

With the fluxes and cross sections obtained, X . is independently derived from B and Be
with Equations 5.16 and 5.17, respectively. As mentioned, Be contains the radioactive

isotope '°Be. The decay effect,which dependents on the rigidity, will be observed in X esc:

e Athigh rigidity, considering the fact that the decay time is much longer than the escape

time (i.e., f; > t,,.), the 10Be decay is negligible, and Be can be considered as a stable

esc
secondary nuclei. Therefore, in this framework, X . derived from Be should yield the

same result as that derived from B.

e At low rigidity, in the case of 71; < the effect of 1°Be decaying to !B is not

tesc’
negligible. As aresult, X, derived from Be should be smaller than that derived from

B.

Figure 5.3 shows X . derived independently from B and Be in rigidity ranging from
5GV to 3.3TV. As expected, the two results have a good agreement at high rigidity, which

is a good consistency check of the framework. Result from B will be used to evaluate fg..

5.2.2 Decay suppression factor f_

Figure 5.4 shows the Be to B flux ratio ®g./®g and the ratio in the limit of infinite decay
time (Pg./Pp),,. Similar to what is observed in Figure 5.3, at high rigidity (®p./Pg) ~
While
(Pg./Dp) < (Pp./Dp),, at low rigidity, because the 1°Be decay depletes the numerator of
the Be/B flux ratio.

With all the ingredients obtained, the decay suppression factor fg, is finally extracted

(Pp/Pg).., because the '’Be decay time 7,, is much longer than the escape time 7,,..

from data. Figure 5.5 shows f of '°Be as a function of rigidity ranging from 5GV to 1 TV.
In the calculation of the error of fg,., contribution from cross section uncertainties are not
included. The cross section error are almost rigidity independent, their uncertainties will
move the result of fp. up or down by ~ 10%. However this bias will have no effect because
the value of f at high rigidity can be rescaled to its expected value of 1 [122].
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Fig. 5.3 X . derived independently from B (black points) and Be (blue points) as a function
of rigidity ranging from 5 GV to 3.3 TV. The error includes the uncertainties of flux ratios
and cross sections.
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Fig. 5.4 Be to B flux ratio ®y./®y (red points) and the ratio in the limit of infinite decay
time, (®Pp./Pp),, (blue points) as a function of rigidity ranging from 5GV to 3.3 TV.
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Fig. 5.5 The decay suppression factor of 1°Be, i.e., fBe- as a function of rigidity ranging from
5GV to 1TV. The black solid line shows f = 1. The error of fg, includes flux uncertainties
and does not include systematic cross section uncertainties.

The surviving fractions f provide constraints on the cosmic-ray residence (or escape)

time 7,,. in the Galaxy, and allow to distinguish between different cosmic-ray propaga-

esc

tion scenarios. In the framework introduced in Section 5.1, the relation between f and 7,
is [122, 60]:

(5.25)

, the same as the prediction from the leaky-box model.
The diffusion model predicts [122, 60]:

td tesc
f = — tanh (5.26)
tesc Z‘d

The 1°Be decay time 7,; is known, and the cosmic-ray residence time ¢

esc 18 assumed to follow

R -0
fose = 1 (m> (5.27)

a power law:



5.3 A preliminary analysis of extracting the 26A1 decay suppression factor from the AI/Mg
flux ratio 151

Fitting fp. with the predictions from models provides constraints on the two free parameters
of 1, 1.€., ty and 6. These results and their interpretation will be the subject of a future
publication([122]).

5.3 A preliminary analysis of extracting the >°Al decay sup-

pression factor from the Al/Mg flux ratio

An independent study of extracting 26A1 decay suppression factor f,; provides supplemental
information to the study of the cosmic-ray propagation. However, the extraction of f,; from
Al/Mg flux ratio is not possible yet because of lack of measurements of some heavy nuclei
fluxes and cross sections, moreover for some of the nuclei fluxes the existing measurements
suffer from large uncertainties. Nevertheless, since the study of Be/B has paved the way to
the study of AI/Mg, a preliminary analysis will be discussed in this section.

Similar to equation 5.9, f; can be extracted from the following formula:

ES
(02
P-21Al Op_;264]
2p®p ( — Sal )
Dy

m
~ (5.28)

P Cpom Op_,26
ZP<I>P< P U

with .
TO265
=(== 5.29
=(55) (5:29
0_26A1
6;—>Mg 1+ Xesc m 0'ng
= . (5.30)
m . 'Mg m
i=2425 1 + )(esc7
626A1
Op_ 1Al _ T+ Xese m Oial
P Al - - (5.31)
m =27 1+ X, —2 ™

m
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Again, to obtain f, <%> and % are defined from cross sections and fluxes:
€/

%
(2
P-2AL |, OpS20A1
ZPq)P( m T >
(q)Al) _
(o]

= _ (5.32)
Mg UP—)Mg
%, 0p s
Op 1Al
5,0,
H=1+ I (533)
5, 0,7

With the X, derived from B or from F, the decay suppression factor f; = @26 ,,/®25 5, can

be derived from available fluxes and cross sections data:
(52)
I A PR 7
0)] 0]
{4 < Al ) : < Al )
(I)Mg (I)Mg %)
The availability of the ingredients

The following ingredients are needed to evaluate f,; from Al/Mg:

(5.34)

1. The precise fluxes in rigidity from 5 GV up to ~ TV, including Mg (Z=12) and Al
(Z=13) fluxes, and their parent nuclei fluxes such as Si (Z=14), P (Z=15) and the

even charged elemental nuclei from S (Z=16) to Fe (Z=26).

2. fragmentation cross sections to Al for nuclei heavier than Al op_, 5,

3. fragmentation cross sections to Mg for nuclei heavier than Mg 6p_,

The cross section data 6p_, o and op_,y, are listed in Table B.3 and B.4 of Appendix B,

respectively. As shown in Table 5.1, the cross section data of P, Ar, Ca are also available.

The Mg, Al, Si, S (preliminary), and Fe fluxes have been measured by AMS as a function

of rigidity from ~ 2 GV to 3 TV with unprecedented precision. The fluxes of P, Ar, Ca, Ti,

Cr have not yet been released by AMS, so their corresponding fluxes in rigidity from 5 GV

to 3TV have been estimated from previous measurements performed by other experiments

as a function of kinetic energy per nucleon extrapolated at high energy assuming that their

spectral shape is similar to neighbor nuclei (such as S nuclei) fluxes measured by AMS.
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Table 5.1 The availability of the ingredients for extracting f from Al/Mg
12Mg 13Al 1451 15P 165 18Ar | 50Ca | »Ti | 54Cr 26Fe
Flux vV (AMS) | V (AMS) | V(AMS) | V |/ (AMS) | V | /(%) | /(%) |/ (AMS)
Op_Al - - v v v v v X X v
Op_Mg - v v v v v v X X v

Y data available (regardless of the quality of cross section data);

% data not available;

* flux data can’t be used in this study because their corresponding fragmentation cross section data are not
available and in the calculation, the parent nuclei flux always appears with the cross section.

Experiments such as HEAO3 [6], TRACER [127], CRISIS [128], etc, have measured
the P, Ar, Ca nuclei fluxes in different regions of kinetic energy per nucleon E, ranging
from 0.5 GeV/n to 1 TeV/n. However, it is not possible to determine the flux shapes at high
energies with these data, because the measurements errors exceed 50% at 50 GeV/n. Alter-
natively, the P, Ar, Ca nuclei fluxes can be estimated with the S nuclei flux measured by
AMS by rescaling it according to the measurements of P, Ar, Ca fluxes. The preliminary
AMS S nuclei flux was measured as a function of rigidity ranging from 2.15GV to 3 TV. To
compare with P, Ar, Ca nuclei fluxes, the rigidity measured by AMS is converted to kinetic
energy per nucleon by assuming the cosmic-ray S nuclei are mainly composed of *2S. Fig-
ure 5.6 and 5.7 show the P, Ar, Ca nuclei fluxes measured by other experiments together with
the S nuclei flux measured by AMS rescaled by the factors of 0.15, 0.3 and 0.5 respectively.
As seen, the P, Ar, Ca nuclei fluxes can be approximated as the rescaled AMS S nuclei flux.
The bias due to the normalization of the fluxes and the description of shapes at high energies
are negligible, because the P, Ar, Ca nuclei are more than 10 times less abundant than Si
and their corresponding fragmentation cross sections to Al and Mg are around twice smaller
than those of Si. Even without taking P, Ar, Ca nuclei fluxes into account, the bias in the
evaluation of f,; and X, from heavy nuclei is estimated to be smaller than 10%.

These estimated P, Ar, Ca fluxes and their corresponding cross section are injected into
the calculation of f,;. The contributions from Ti and Cr nuclei have been neglected be-
cause their fragmentation cross sections to Al and Mg have not been measured. However
the abundance and fragmentation cross-sections of Ti, Ar and Cr relative to Si and Mg are
much lower and hence they are not expected to contribute much. Figure 5.8 shows the fluxes
ratios to Si for Mg, Al, P, S, Ar and Fe. As seen, P, Ar, Ca nuclei are less abundant than

others.




154

Cosmic ray age and Be/B and Al/Mg flux ratios: a feasibility study

Flux x E}” [m?ssr/(GeV/n)' 7] O
(]

S

S

I

10
Kinetic Energy Ek [GeV/n]

(http: //lpsc in2p3. fr/crdb)
) TTT ‘ T T TTTT ‘ T T T TTTT ‘ T T T T T TTT ]
A h AMS 02 S flux (prehmmdry) rescaled by 0.5 i
I ALICE (1987/08+1987/08) _
2 o Balloon (1987/05+1988/05+1989/05+1991/05) ]
3 Balloon-EWAsym (1989/05+1991/05) 7]
1 - Balloon-OpeningAngle (1989/05+1991/05) ]
8 HEAO3-C2 (1979/10-1980/06) —
61 7
41— ;iﬁ'é ié* ﬁ{' + —
- %%ﬂg‘*‘ } §
S il -
N SN F.’ﬁ. J i
O CI.?;’ f 1 1 N | ‘ | | | ‘ 1 | I | ‘
1 0’ 10°

Fig. 5.6 The Ca nuclei fluxes multiply by E,%j in kinetic energy per nucleon E;, measured by
other experiments together with the preliminary S nuclei flux measured by AMS (red points)
rescaled by the factors of 0.5.
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Fig. 5.8 Flux ratios to Si for Mg, Al, P, S (preliminary result), Ar, Ca and Fe as a function of
rigidity in SGV to 3GV. P, Ar, Ca fluxes are approximated as the rescaled AMS S nuclei
flux (preliminary result) based on measurements of cosmic-ray P, Ar, Ca nuclei performed
by other experiments.
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The cosmic-ray grammage

As the heavy nuclei fluxes obtained, the cosmic-ray grammage X . can be derived from the
heavy stable secondary cosmic-ray F. And the assumption that X, . does not depend on the
nuclei species is examined by comparing the X ;. evaluated from B and F.

With the Ne, Na, Mg, Al, Si, S and Fe nuclei fluxes from AMS and P, Ar, Ca from other
experiments, and the experimental cross section data listed in the Table B.5 Appendix B, the
F X ,,. 1s calculated as

X, = e/ Psi - 5 (5.35)
2 P=Ne,NaMg ALSiP.S.Ar.Ca.Fe PP/ q’&% — O/ ‘I)Si;

Figure 5.9 shows X . derived from B and F. In rigidities above 60 GV, the X

from F agrees with that from B, which confirms the expectation that X,,. does not depend

esc Tesult

on the nuclei species. At low rigidities, the estimation of X, from F becomes not valid

because the denominator of equation 5.35 reaches its limit (close to 0).

& :(l)""l ! oo T ! oo =
£l o Xesc(B)
[=) i ]
><G)
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Fig. 5.9 X,,. derived independently from B (black points) and F (blue points) as functions

of rigidity from SGV to 3TV.

Al/Mg flux ratio

To evaluate the cosmic-ray Al to Mg nuclei flux ratio in the limit of infinite decay time

(D A1/ Ppig)oo- the weighted cross sections Chm g/m and 6;_)17 Al/m are calculated with equa-
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tion 5.3 and 5.31 using the weight factors defined by

(5.36)

where S stands for 27Al, 24Mg,zSMg, and 26Mg. X

esc

Figure 5.10 shows the rigidity dependent weight factors of 2’ Al, 24Mg,25 Mg, and 26Mg.

is evaluated from B.
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Fig. 5.10 The weight factors of 2N (orange), 24Mg (black), 2 Mg (red), and 26Mg (green) as
functions of rigidity. The errors are obtained from the leading contribution channels Si— S.

With the weighted cross sections calculated from the weight factors, the Al/Mg flux ratio
in the limit of infinite decay time (@ 4;/Py, ), is evaluated with equation 5.32. As discussed
in Section 4.5 of Chapter 4 for Al nuclei and Section 3.9 of Chapter 3 for Mg nuclei, different
from cosmic-ray Be and B, Al and Mg nuclei have important primary contributions from
astrophysical sources. The ratio of the secondary components of Al and Mg nuclei fluxes
CDil/dDi,[g can be obtained by subtracting the primary components of the Al and Mg nuclei
fluxes measured by AMS.

Figure 5.11 shows CI)‘ZI/CDi/Ig obtained from the secondary components of Al and Mg
nuclei fluxe and (®5;/®@y, ), Obtained from the currently available fluxes and cross section

data. Contrary to the expectation the two results show a large discrepancy over the entire
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Fig. 5.11 The ratio of the secondary components of Al and Mg nuclei fluxes CDiI/CDi,Ig (red
points) and the Al/Mg flux ratio in the limit of infinite decay time (@ 5;/®y, ), (blue points).

d)il/cbi,[g is obtained by subtracting the primary components of the Al and Mg nuclei fluxes
measured by AMS as discussed in Section 4.5 of Chapter 4 and Section 3.9 of Chapter 3
respectively. (P 5/Py, ) 18 calculated from the currently available fluxes and cross section
data.
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rigidity range hinting to an overestimation of (®,;/®y;,),, caused by the quality of data and

by the approximations made in the calculation, namely:

1. Ti and Cr fluxes have not been included in the calculation due to the lack of data of
both fluxes and cross sections. The Ti and Cr nuclei in cosmic rays have abundance
similar to S nuclei, and their fragmentation cross sections to Al and Mg are estimated
to be smaller than S nuclei. Therefore the contribution of Ti and Cr nuclei is estimated
to be smaller than 10%.;

2. P, Ar, Ca fluxes are approximated from the rescaled S flux measured by AMS. How-

ever, as discussed, the bias due to the approximation is negligible.

3. the quality of the cross section data give the largest bias. First, the values of fragmen-
tation cross sections for heavier nuclei are underestimated. As shown in Table B.3 and
B.4 of Appendix B, the available cross sections are all measured at very low energy
(below 1 GeV/n). Second, the fragmentation cross sections data from the ghost nuclei
258i and 2°Na have not been measured yet, which would result in the underestimation
of Mg fragmentation cross sections.

Moreover, the estimation of d)il/cbi/[g can be biased. As mentioned, the secondary com-
ponents of Al and Mg nuclei fluxes are estimated by fitting the measured fluxes with the
weighted sum of the primary cosmic ray Si nuclei flux and of the secondary F nuclei flux
under the assumption that the secondary component of Al follows the F flux. This assump-
tion may be broken if the secondary component of Al mimic the primary component. This
is checked expressing the Al/Si flux ratio from equation 5.4:

Op_ Al
(DAI Xesc ZP:Si,P,S,Ar,Ca,Fe CDP/q)Si m
= (5.37)
Dg; 1+ x 2l
+ esc?
. OAl
In the limit of X,,,— > 1, the above reduces to
m
OpAl
(I)A1 Xesc ZP:Si,P,S,Ar,Ca,Fe q)P/q)Si m
— (5.38)

Ol
esc m

i X
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which, simplifying X, and taking into account that Si is much more abundant than other

primary nuclei producing Al by spallation, leads to:

0gi_,
D, ~ DA (5.39)

OAl
the secondary component of Al nuclei will have same rigidity dependence of the primary (Si)

nuclei flux. Similarly, Mg can be checked by comparing X . M8 with 1. Figure 5.12 shows
m

G. . . . .
the X,,.,— with total fragmentation cross section o; for Al and Mg using X, calculated
m

[
from B. As seen X, — is well below 1 for both Al and Mg nuclei at rigidities above 30 GV
m
which indicates that the evaluation of the secondary components of Al and Mg nuclei fluxes

is good.
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o

Fig. 5.12 X,,,— with total fragmentation cross section o; for Al (red points) and Mg (blue
m

points) using X . calculated from the stable secondary cosmic-ray B. The black line indi-

cates 1. The Al and Mg results cross 1 at ~20 GV.

The outlook for the analysis of extracting f,; from the Al/Mg flux ratio

Some ingredients in the calculation of (P /@y, ), including fluxes and cross sections are
still missing and some of the existing measurements have larger uncertainties than those used
in the extracting fp, from the Be/B flux ratio. Therefore the evaluation of f; from the Al/Mg
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flux ratio is not possible yet although the procedure of the calculation is clear. With more
heavier nuclei fluxes measured by AMS becoming available, and more fragmentation cross
section data for heavier nuclei being released, extraction of f,; from the Al/Mg flux ratio
will be feasible, and thus providing complementary constraints to the cosmic-ray residence
time.






Chapter 6
Conclusions and outlook

The primary cosmic rays Mg are thought to be mainly produced and accelerated in astro-
physical sources. And the cosmic rays Al, as the combination of primary and secondary
cosmic rays, are produced both in astrophysical sources and by the collisions of heavier nu-
clei with the interstellar medium. The precise knowledge of their spectra in the GV to TV
rigidity region provides important information on the production, acceleration, and propa-
gation mechanisms of cosmic rays in the Galaxy. The cosmic-ray residence time is a critical
parameter of cosmic-ray propagation. The rigidity dependent survival fraction of cosmic-ray
clocks such as '"Be and 2° Al can be extracted from the decaying charge to the decayed charge
ratios Be/B and Al/Mg with a model independent method, and allows to provide constraints
on the cosmic-ray residence time.

In this thesis, the Mg and Al fluxes measured by AMS and the physical interpretation of
Be/B and Al/Mg flux ratios are presented.

Mg and Al fluxes

The precision measurements of Mg and Al fluxes in the rigidity range from 2.15GV to
3.0 TV based on 2.5 million Mg and 0.5 million Al nuclei collected by AMS during its first
8.5 years (May 19, 2011 to October 30, 2019) are presented.

The comparison with other primary cosmic rays fluxes measured by AMS in the same

data-taking period shows:

e Ne, Mg, Si fluxes have identical rigidity dependence above 86.5 GV and deviate from
a single power law above 200 GV.

e Above 86.5 GV, the rigidity dependence of Ne, Mg, and Si fluxes is different from that
of He, C, and O fluxes.
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It can be concluded that Ne, Mg, and Si and the lighter nuclei He, C, and O belong to two
different classes of primary cosmic rays.

The Al flux is well described by the sum of a primary cosmic ray component and a
secondary cosmic ray component. The fraction of the primary component increases with
rigidity and becomes dominant at 20 GV. And N and Na are also a mixture of primary and
secondary components. It can be concluded that N, Na, and Al belong to a distinct group

and are the combinations of primary and secondary cosmic rays.

Physical interpretation of Be/B and Al/Mg flux ratios

With the precision measurement of cosmic-ray fluxes by AMS and the fragmentation cross
section data available, the rigidity-dependent decay suppression factor of radioactive isotope
1OBe, fge» has been extracted from the Be/B flux ratio with a model independent method.
[Be constrains the cosmic-ray residence time predicted in different models, and thus allows
to distinguish between different cosmic-ray propagation scenarios.

The study of Be/B has paved the way for the study of Al/Mg. Due to the limited heavy
nuclei fluxes and fragmentation cross section data, extracting f,; from Al/Mg is not possible
yet. However, the feasibility of the study has been presented.

With more heavy nuclei fluxes measured by AMS becoming available, and more frag-
mentation cross section data for heavier nuclei being released, the extraction of f,; from
Al/Mg will be feasible, and thus providing complementary constraints to the cosmic-ray

residence time.
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Appendix A

Cosmic-ray isotopic composition data

The isotopic composition of cosmic-ray nuclei needed to compute the decay suppression
factor of the radioactive isotopes '“Be and 26 Al elements are listed in Table A.1. The data
is taken from [129] and CRDB [57, 58] by choosing the data with the highest energy and/or
from the most precise measurement. The errors on the isotopic compositions are typically
~ 15%, which will result in ~ 5% rigidity independent errors on the cross sections.
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Cosmic-ray isotopic composition data

Table A.1 Isotopic composition of the most abundant cosmic-ray nuclei from Be to Fe.

Element Isotopic composition
Be (Z=4) 63% 'Be 30% "Be 6% ""Be
B (Z=5) 33% 1B 67% ''B
C (Z=6) 90% 1>C 10% 13C
N (Z=7) 54% PN 46% "N
O((Z=8) | 94.4%'"0 | 2.8%"0 2.6% B0
F (Z=9) 100% °F
Ne (Z=10) | 54.7% *°Ne | 10.6% *'Ne | 34.7% **Ne
Na (Z=11) | 3.7% *Na | 96.3% **Na
Mg (Z=12) | 64.8% **Mg | 17.5% Mg | 17.7% *°Mg
Al (Z=13) | 22%%°Al | 97.8% Al
Si(Z=14) | 88.7%7Si | 5.9%%Si | 5.4%%si
P(Z=15) | 100%°'P
SZ=16) | 69.9% S | 145%%S | 15.6%*S
Ar (Z=18) | 63.7% °Ar | 31.4%8Ar | 2.2% *Ar
Ca (Z=20) | 46.9% *°Ca | 23.8% **Ca | 14.3% ®Ca | 10.9% **Ca
Fe (Z=26) | 6.9%*Fe | 93.1% °Fe




Appendix B

Nuclei fragmentation cross section data

The fragmentation cross sections for B, Be, Al and Mg are listed in Table B.1, Table B.2,
Table B.3, Table B.4.

B.1 B (and ghost C) cross sections

Fragmentation cross sections for B production are listed in Table B.1. Short-lived radioiso-

topes ''C, and 1°C contribute to the production cross sections of !B, and '°B :
e ''C - ! B with the half-life #,, = 20.36min and branching ratio Br = 1

e 19C 519 B with the half-life ¢, = 19.3s and branching ratio Br = 1

Table B.1 Fragmentation cross sections for B production.

reaction o [mb] k | SeY Ref
NB10B | 46.2+924 | 0.365 [130]
2collc | 292425 3.66 [131]
2coslB | 277407 3.66 [131]
2¢c519¢c | 36405 3.66 [131]
2c5198 | 123 +3.0 3.66 [131]
Beoslle | 82408 10 [129]
BeosB | 222+3.86 10 [129]
13C—>10C

Bco 108 9+1.6 10 [129]

Continued on next page
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Nuclei fragmentation cross section data

Table B.1 — continued from previous page

reaction o [mb] k| SeY Ref
NS | 1174035 0.6 [132]
UNSUB | 1754026 0.6 [132]
UNS10C | 0.9+0.09 0.6 [132]
UN>B | 9.940.15 0.6 [132]
BNoHe | 564056 | 0373 [130]
BN-UB | 26941345 | 0373 [130]
15N—>10C
BNSIB | 13.6 +1.36 0.4 [133]
o0C | 110+ 1.1 2.1 [134]
601B | 15415 2.1 [134]
160-10C | 1.83 +0.21 2.1 [134]
160108 | 8.94+1.69 2.1 [134]
WONe-"C | 63+032 0.6 | [135,132]
ONes!"B | 12+0.12 10 [129]
WNe—-19C | 0.3+0.03 0.6 | [135,132]
2Ne—1"B | 6.75 +0.68 10 [129]
2Ne-!B 17+ 1.7 10 [129]
22Ne—>10B
“Mg-'C | 55+0.55 10 [129]
“Mg—""B | 10.4 +1.04 10 [129]
2Meg—10C
XMg—""B | 6.2+0.62 10 [129]
25Mg—>“B
25Mg—>10B
BMg-Cc | 04+03 0.576 [136]
Mg—-""B| 8.6+2.0 0.576 [136]
6Mg—-1'B | 22408 0.576 [136]
B8io1C | 4.65+1.85 10 [129]
B8io!B | 6.75 +2.75 10 [129]
285i—>10C

Continued on next page
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Table B.1 — continued from previous page

reaction o [mb] k % Ref
88i-19B | 4.25+0.75 10 [129]
Spe1c | 1.12+0.1 1 [137]
Spe11B | 3.82+04 1 [137]
56Fe—>10C
SFe—19B | 2.03+0.2 1 [137]

B.2 Be cross sections

Table B.2 Fragmentation cross sections for Be production.

reaction o [mb] k | SeY Ref
nuc
Be—'Be | 10.6+3.18 | 0.365 | [130]
2c57Be 10.1+1.3 3.66 | [131]
2c-%Be 6.7 +0.9 3.66 | [131]
2c519Be | 42406 3.66 | [131]
BCc-7Be 49409 0.6 | [138]
Bcs%Be | 7.2+0.78 0.6 | [138]
Bco1Be | 5.99 +0.98 0.6 | [138]
UN-"Be | 10940654 | 0.74 | [139]
14N-%Be 20402 0.6 [132]
UN>1Be | 1.6+0.16 0.6 | [132]
N-"Be 54+0.5 22 | [135]
BN-%Be 75415 04 | [135]
BN-19Be | 2.03 +0.035 4 [135]
10-"Be | 10.1+1.2 2.1 [134]
160-%Be | 4.17 +0.55 2.1 [134]
160198 | 2.05 +0.31 2.1 [134]
2ONe—"Be | 8.55+0.86 10 [129]
20Ne—?Be
Continued on next page
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Nuclei fragmentation cross section data

B.3 Al (and ghost nuclei) cross sections

Table B.2 — continued from previous page

reaction o [mb] k| SV Ref
20Ne—10Be
22Ne—'Be | 5.55+0.56 10 [129]
22Ne—’Be
22Ne—>10Be
24Mg—"Be 10+1 10 [129]
2Mg—’Be | 4.3+043 10 [129]
2*Mg—'"Be | 2.56 +0.16 2.6 | [140]
BMg—"Be | 72«16 10 [129]
25Mg—>9Be
25Mg—)lOBe
*Mg—'Be | 5.95+1.25 10 | [129]
26Mg—>9Be
2°Mg—1'Be
85i>"Be | 10.8 + 1.08 10 [129]
85i-Be | 4.72+0.81 23 [140]
2857 10Be 10
SFe—"Be | 3.09+0.3 1 [137]
SFe—~Be | 2.11+0.2 1 [137]
56Fe—>10Be
B7Be | 628 +044 | 0.74 | [139]
10g_,9Be N.A.
]OB—>10Be
"B7Be | 4174029 | 0.74 | [139]
"B%Be | 13.4+1.34 | 0.365 | [130]
HBL19Be | 774154 | 0365 |[130]

Fragmentation cross sections for Al production are listed in Table B.3.
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Short-lived radioisotopes 2’Mg, 2’ Si, and 268 contribute to the production cross sections
of Z’Al, and 2°Al:

e 2"Mg —?7 Al with the half-life ¢,,, = 9.44min and branching ratio Br = 1
e 27Si »?7 Al with t,, = 4.15s and branch ratio Br = 1

o 268i 26 Al with t,,, = 2.25s and branch ratio Br = 1

Table B.3 Fragmentation cross sections for Al production

reaction o [mb] k| SeY Ref
85i>2A1 | 305+ 1.00 0.77 | [132, 141]
2851268 1.4 +0.42 0.77 [132]
BSio2"Al | 46.6 +0.42 0.77 | [132, 141]
288i-27Mg
28815278 31.2 + 1.56 0.77 [132]
298i>20A1 149 +1.78 0.51 [141]
295i—>26Si
P8i-27A1 | 46.5+0.37 0.51 [141]
28i-2"Mg 10.5+2.1 0.51 [141]
298i-278j 1.8 +0.54 0.51 [141]
3p_,26A] 18.3 + 1.00 0.51 [141]
31P—>26Si
3Ip27 Al 357+ 1.79 0.51 [141]
31P—>27Mg
3p2784 2.4+0.48 0.51 [141]
329,26 A1 14.6 + 1.46 0.65 [132]
329,265 0.9 + 0.276 0.65 [132]
328527A1 252+ 1.27 0.65 [132]
328527Mg 1+0.3 0.65 [132]
32,2754 8.9+0.71 0.65 | [132, 141]
36 Ar—20A1 109+1.6 0.765 [142]
36 Ar—268i 0.6+0.4 0.765 [142]
36 Ar—27Al 252+3 0.765 [142]
Continued on next page
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Nuclei fragmentation cross section data

Table B.3 — continued from previous page

reaction o [mb] k | SeY Ref
6 Ar—2"Mg 1+0.6 0.765 [142]
36 Ar—27Si 55+08 0.765 [142]
BAr—>20A1 7.2 +0.86 0.498 [141]
38Ar—>26Si
BAr—>2Al | 146+ 1.17 0.498 [141]
BAr—>"Mg | 3.3 +0.66 0.498 [141]
BAr—27Si 0.2 +0.06 0.498 [141]
40Ar26A1 2.2+ 0.66 0.656 [132]
40 A 208
OAr—-2"A1 | 214 +1.07 0.656 [132]
VAr-2"Mg | 2.3 +0.69 0.656 [132]
40Ar-27Si
40Ca—20A]1 8.4 +0.67 0.763 [143]
40Ca—>26Si
40Ca27Al 212+1.9 0.763 [143]
0Ca—?"Mg 0.4+0.3 0.763 [143]
40Ca—27sj 26+04 0.763 [143]
SFe—26A1 | 2.751 +0.331 1.5 [144]
56Fe—>26Si
Spe—27Al | 7.469 + 0.886 1.5 [144]
SFe—2"Mg | 1.185 +0.142 1.5 [144]
SFe—27Si | 0.453 +0.0547 1.5 [144]

B.4 Mg (and ghost Na) cross sections

Fragmentation cross sections for Mg production are listed in Table B.4. Short-lived radioiso-
topes 24Na, 25Na, and 2°Na contribute to the production cross sections of 24Mg, 25 Mg, and
26Mg:

o ?Na —2* Mg with the half-life t, »» = 14.96h and branching ratio Br = 1

e 2Na —»2° Mg with t1» = 39s and branch ratio Br = 1
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o 2°Na —2% Mg with t1» = 1.07s and branch ratio Br = 1

(note, 25Gi and 2°Na are also the ghost nuclei, but their cross sections have not been mea-

sured.)

Table B.4 Fragmentation cross sections for Mg production.

reaction o [mb] k C:% Ref
26A1_)24Mg
26 A1—>2*Na 11.4(0.2) 0.508 [141]
6A1-PMg | 74(0.08) 0.508 [141]
26A1—>25Na
26 A1-26Mg
Al Mg | 27.2(0.05) 0.582 [132]
2T Al-?*Na 11.4(0.1) 0.582 [132]
ZTA1-PMg | 42.6(0.05) 0.582 [132]
2T Al->Na 2.6(0.2) 0.582 [132]
2TA1-2%Mg | 40.1(0.05) 0.582 [132]
88i—-2Mg 33(0.05) 0.77 [132]
286i—2%Na 5.4(0.12) 0.77 | [132, 141]
BSi>>PMg | 27.2(0.05) 0.77 [132]
285i—2°Na 1.8(0.2) 0.77 | [132, 141]
88i>2Mg | 15.9(0.05) 0.77 [132]
25i-2*Mg | 18.4(0.12) 0.508 [141]
PSi-2Na | 14.3(0.12) 0.508 [141]
28i>> Mg | 26.6(0.08) 0.508 [141]
298i—2>Na 4.3(0.3) 0.508 [141]
28i>2Mg | 33.3(0.08) 0.508 [141]
pL2Mg | 32.3(0.08) 0.505 [141]
31P—>24Na

pLBMg | 18.4(0.12) 0.505 [141]
31P—>25Na

3p_26Mg 2.7(0.3) 0.505 [141]
32§52 Mg | 27.3(0.05) 0.649 [132]

Continued on next page
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Nuclei fragmentation cross section data

Table B.4 — continued from previous page

reaction o [mb] k ?TZ Ref
329 524N, 3.5(0.12) 0.649 | [132, 141]
3285BMg | 23.5(0.05) 0.649 [132]
329 ,25Na 03+0.2 0.77 [140]
32520Mg 11.8(0.1) 0.649 [132]
6 Ar—24Mg 20422 0.765 [142]
36 Ar—2%Na 22+0.8 0.765 [142]
BAr-P Mg | 19.8+2.4 0.765 [142]
36 Ar—2Na 1.6 +0.6 0.765 [142]
BAr-Mg | 123+1.9 0.765 [142]
BAr-4Mg | 8.7(0.12) 0.498 [141]
38Ar—>24Na
BAr—>PMg | 15.6(0.08) 0.498 [141]
38Ar—>25Na
BAr—26Mg 9(0.08) 0.498 [141]
Ar-24Mg 6.7(0.2) 0.656 [132]
40Ar—>24Na 25+0.7 0.352 [142)
VAP Mg | 14.2(0.1) 0.656 [132]
OAr—2Na 0.5+0.5 0.352 [142)
Y0 Ar—20Mg 15.1(0.1) 0.656 [132]
0Cas?Mg | 145413 0.763 [143]
40Ca—2Na 25+04 0.763 [143]
0Cas> Mg | 145413 0.763 [143]
0Ca—Na 0.6 +0.2 0.763 [143]
0Ca—2Mg 6.9+ 0.7 0.763 [143)
SFe—2*Mg | 4.837 +0.589 1.5 [144]
bFe—24Na | 2.594 + 0.319 1.5 [144)
SFe—»PMg | 5.600 +0.676 | 1.5 [144]
Spe—2Na | 4.813 +0.583 1.5 [144]

56Fe—>26Mg
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B.5 F (and ghost O and Na) cross sections

Fragmentation cross sections for F production are listed in Table B.5. Short-lived radioiso-

topes 1°0, and '°Ne contribute to the production cross sections of °F:
e 20 =1 F with the half-life ¢, = 26.47 s and branching ratio Br = 1

e "Ne —!? F with the half-life ¢,,, = 17.27 s and branching ratio Br = 1

Table B.5 Fragmentation cross sections for F production.

GeV

reaction o [mb] k — Ref
20Ne—>190
WONe—!"F | 25.700.050) | 0.534 | [132]
2ONe—!"Ne | 28.00(0.050) | 0.534 | [132]
2Ne—1"0 | 430+0.5 0.894 | [136]
2Ne—F 24.1+3.3 0.894 | [136]
22Ne—1"Ne 0.1+0.3 0.894 | [136]
22Na—120
2Na—1°F 12.80(0.2) 0.52 | [141]
22Na—1"Ne 5.9(0.3) 0.52 | [141]
BNa—"10
BNa—1F 16.6(0.2) 0.517 | [141]
BNa—""Ne 7.5(0.3) 0.517 | [141]
24Mg—> o
2Mg—"F | 104 +1.04 0.61 | [132]
2Mg—""Ne 4.1(0.2) 0.61 | [132]
BMg—'F 15.2(0.2) 0.514 | [141]
Mg—10 2.0+0.6 0.576 | [136]
Mg—""F | 19.90+22 | 0.576 | [136]
26Mg—1"Ne 0.5(0.2) 0.576 | [136]
2671190
26 A1 1F 13.60(0.2) 0.508 | [141]
26 A1 19Ne 4.1(0.3) 0.508 | [141]
Continued on next page
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Table B.5 — continued from previous page

reaction o [mb] k iig Ref
2TA1-190
ZTAl-1F 9.9(0.08) 0.582 | [141]
27T Al-19Ne 1.5(0.3) 0.582 | [132]
28Si—>190
285 ,I9F 9.0(0.08) 0.506 | [141]
285i-19Ne 3.0(0.2) 0.77 | [132]
31P—>190
31P—>19F
3p_,19Ne
3ZS—>190
32519k 7.7+0.5 0.77 | [129]
325 Ne 24406 0.77 | [129]
36Ar—>]90
6 Ar—19F 56+29 0.765 | [142]
36 Ar—1"Ne 12+08 0.765 | [142]
40Ca—>190
WVCas1F
40Ca—"17Ne 0.4 +0.1 0.565 | [143]
SFe—1°0 | 0.285 +0.035 1.5 [144]
Spe—19F 2.08 +0.3 1.5 [144]
SFe—1"Ne | 0253 +0.032| 1.5 [144]
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