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If there is not the sufficient depth, water will not float large ships. Upset a cupful into a
hole in the yard, and a mustard-seed will be the boat. But, if one trys to float the cup,
it will be grounded, due to the disproportion between the water and the vessel. So, for
the air, if there is not the sufficient depth, it cannot support large wings. And, for this
bird, a depth of ninety thousand li is essential to bear it up. Then, gliding upon the wind,
with nothing save the clear sky above, and no obstacles on the way, it could start upon
its journey to the extreme south.

A Happy Frcursion
Chuang Tzu, 369-286 B.C.






Résumé

Cette these a pour objet I’étude de la production d’antiproton dans 1’atmosphere. Une
paramétrisation de la section efficace inclusive pour la production d’antiprotons dans les
collisions p + p et p + A est présentée, basée sur les regles de comptage de quarks, la
phénoménologie de Regge et 1'ajustement aux données. Cette paramétrisation est en
accord avec les données expérimentales pour une énergie incidente du nucléon au moins
jusqu’a 24 GeV /n dans le laboratoire. Selon ’analyse de la distribution de la multiplicité
moyenne d’antiprotons, cette paramétrisation peut étre étendue sa validité jusqu’au moins
Vs ~ 25 GeV dans le centre de masse. Avec cette paramétrisation, le modele des nucléons
touchés est appliqué pour obtenir la section efficace de production d’antiprotons lors d’une
collision A + A.

Le flux atmosphérique d’antiprotons aux altitudes des ballons et des satellites est cal-
culé en incluant les protons et héliums cosmiques. Les collisions générées par 1’hélium
contribuent pour environ 30% au flux total d’antiprotons atmosphérique. Pour I’étude
de l'origine exotique d’antiprotons, par exemple ’annihilation de la matiere sombre su-
persymétrique (les neutralinos) et I’évaporation des trous noirs primordiaux, les énergies
incidentes des particules cosmiques jusqu'a £ = 200 GeV/n contribuent le plus mag-
nifiquement a la production d’antiprotons atmosphériques.

Il est montré que le flux atmosphérique d’antiprotons utilisé pour corriger le flux
d’antiprotons au dessus de 'atmosphere est sous-estimé dans certains travaux précédents.
Dans ce travail, le flux d’antiprotons au dessus de I’atmosphere est donc diminué de 10-15%
par rapport au résultat original dans le domaine d’énergie £ > 1 GeV. Une expérience
de mesure d’antiprotons au sol est proposée pour valider la justesse de la production
d’antiprotons calculés par les différents groupes. Les résultats de I’expérience BESS 1999
a l’altitude de 2.77 km ont confirmé la justesse de ce travail. A Daltitude d’AMS, le flux
d’antiprotons mesuré par cette expérience dans la région polaire est pratiquement ex-
clusivement constitué d’antiprotons cosmiques, avec une composante de seulement 2-3%
d’antiprotons atmosphériques.

Il est observé que, méme a tres haute altitude, quelques milliers de kilometres par
exemple, il existe encore un flux résiduel d’antiprotons atmosphériques dont les trajec-
toires sont tres compliquées et ne peuvent pas étre bien expliquées au moyen des variables
habituelles.

Finalement, le flux atmosphérique de protons dans ’atmosphere est calculé. La dévia-
tion entre les calculs et les données ainsi que les origines possibles de cette déviation sont
discutées.

Mots clés: flux d’antiprotons secondaires au dessus de I’atmosphere, section efficace in-
clusive, regles de comptage de quarks, phénoménologie de Regge, multiplicité moyenne,
modele des nucléons touchés, matiere sombre supersymétrique, neutralino, trous noirs
primordiaux.
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Abstract

Secondary atmospheric antiprotons are studied. A parametrisation of the inclusive
cross section for the p production in p+ p and p+ A collisions is developed, based on the
Quark Counting Rule, the Regge Phenomenology and data fitting. This parametrisation
is shown to have a good agreement with experimental data for incident nucleon energy at
least up to 24 GeV/n in the laboratory frame. By the analysis of the p mean multiplicity
distribution, this parametrisation can extend at least up to the centre of mass energy
Vs ~ 25 GeV. Based on this parametrisation, the Wounded Nucleon Model is used to
obtain the p production cross section in A + A collisions.

By including cosmic protons and heliums, the atmospheric p flux at high balloon and
satellite altitudes are calculated. The He-induced collisions are shown to contribute about
30% in the total secondary atmospheric p flux. It is observed that, for the interest of the p
exotic origins such as the annihilation of supersymmetric dark matter (neutralino) and the
evaporation of primordial black holes, the energy range up to £ = 200 GeV /n for cosmic
particles generating the secondary atmospheric p production is the most important.

It is shown that the secondary atmospheric p flux used to correct the p flux at TOA was
underestimated in the previous works. In this work, the p flux at TOA is then reduced
by 10-15% compared to the previous results, for the energy range £, > 1 GeV. A p
measurement experiment at the ground level is used to test the accuracy of secondary
atmospheric p production calculated by different works. The résults of the BESS 1999
experiment at 2.77 km have confirmed the correctness of the present approach. At the
AMS altitude, it is shown that the p flux measured by this experiment is almost the exact
p flux at TOA, with only 2-3% of the atmospheric p component.

It is found that, even at very high altitudes, thousands of kilometres above the Earth,
there still exists some residual atmospheric antiproton flux with very complex trajectories
which cannot be well explained by the usual variables.

Finally, the secondary atmospheric p flux at low altitudes are calculated. The deviation
between the calculation and the measurements and the possible origins of this deviation
are discussed. Comments, remarks and conclusions are given.

Keywords: secondary antiproton flux, Top of Atmosphere (TOA), inclusive cross sec-
tion, Quark Counting Rule, Regge Phenomenology, mean multiplicity, Wounded Nucleon
Model, supersymmetric dark matter, neutralino, primordial black holes, trapped particles,
Earth magnetosphere
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Chapter 1

Introduction

The study of the particle populations in the Earth environment has been a field of in-
tense research activity in the last few decades [?]. After a short-term seclusion, this field
has returned to its renaissance of research interest. This is attributed to the improve-
ment of detector and experimental techniques in both balloon and satellite experiments.
Current experiments, such as balloon-borne IMAX, MASS, HEAT, BESS, CAPRICE and
space-borne AMS, have opened, especially the latter, new prospects for data with good
quantity and quality, thus allowing a new generation of high precision studies of the in-
teractions of cosmic ray particles in the atmosphere and also of particle dynamics in the
magnetosphere.

Antiprotons are a rare component of cosmic rays. The origin of cosmic antiprotons
has been attracting a lot of attention since their first observation reported by Golden et
al. in 1979 [?]. The major part of cosmic antiprotons is believed to be the interaction
products of the high energy cosmic ray particles with the interstellar media in our Galaxy.
These antiprotons are called secondary galactic. In addition to the secondary products,
other antiproton contributions of primary origin are of great interest: the annihilation
products of supersymmetric dark matter (neutralinos) spreading in the Galactic halo
[?,?, ?] and the evaporation products of primordial black holes formed in the early epoch
of our Universe [?, ?]. With these speculations, their contributions to the observed p
flux can be evaluated. And, the distinctive spectral shape of the observed p flux with a
maximum at 2 GeV and a sharp decrease towards lower energies can be used as a unique
probe of the antiproton origin.

In measuring the p flux in the neighbourhood of the Earth, antiprotons have to be
distinguished from a large background of e~ and shortlived 4~ and 7~, which are pro-
duced by interacting cosmic ray particles with atmospheric nuclei. This difficulty can be
overcome by the improvement in the identification techniques of the detectors currently
used. In addition, the measured p flux is in fact a superposition of cosmic ray antiprotons
and a significant contribution of secondary atmospheric antiprotons produced from the
collisions of cosmic ray particles with atmospheric nuclei. So, a correction for the pro-
duction of secondary atmospheric antiprotons may be required as to obtain the cosmic
p flux. Both secondary galactic antiprotons and secondary atmospheric antiprotons are
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produced by the same mechanism. Thus, an important input for such a correction in
order to obtain the cosmic p flux and also the evaluation of secondary galactic p flux to
verify the p primary origins is the p production cross section in nuclear collisions. Un-
fortunately, unlike p 4+ p collisions, experimental data for the p production on nuclei are
scarce in the energy range of interest and, the available parametrisation [?] shows a poor
agreement with the available experimental data.

Therefore, the first and the most basic work for such issues is to obtain a good expres-
sion of the p production cross section in nuclear collisions. In this work, the parametrised
inclusive antiproton production cross section in p 4+ p and p + A collisions, based on the
Quark Counting Rule [?, ?] and the Regge Phenomenology [?, ?, ?] is studied. Further-
more, in order to correctly evaluate the atmospheric p flux, the antiprotons produced
in A+ A collisions, especially He + He, He + N and He + O collisions, have to be
included. However, neither the parametrisation nor the experimental data for A + A
collisions are available. In this work, the Wounded Nucleon Model [?] is used, together
with the parametrisation for the p production in p + p and p + A collisions developed in
parallel.

With the developed parametrisation for p production in p4+ p, p+ A and A + A
collisions, the secondary atmospheric p flux are calculated at different altitudes by a
simulation approach, including both cosmic p-incident and He-incident collisions in the
atmosphere. The cosmic p flux corrected by the atmospheric p component calculated in
the previous work [?] are then modified by the secondary atmospheric p flux evaluated in
the present work. More results and discussions are available in the chapters of this thesis.

The structure of this thesis is arranged as follows. In Chapter ??, cosmic ray astro-
physics is roughly reviewed. Some important features of cosmic rays and their propagation
are discussed. Cosmic rays entering the Solar system and near the Earth are discussed
separately. The related potential study of ultra high energy cosmic rays is outlined. In
Chapter ??, the relation between the antiproton study and Cosmology is discussed. The
possible origins of cosmic antiprotons are emphasised in this chapter. Chapter ?? dis-
cusses the principles of particle detection which are applied in the related detectors and
experiments. The experiments whose data are used to compare the results obtained by the
present work are reviewed and discussed. Chapter ?? discusses the theoretical models for
the p production in nuclear collisions, including the approach of Quantum Field Theory,
nucleon-nucleon interactions, Quark Counting Rule and Regge Phenomenology. From
Chapter ??, the results achieved in the present work are discussed chapter by chapter.
In Chapter ??, the parametrisation for the p production in nuclear collisions is compared
with the experimental data. The energy range of its validity is given. The Wounded
Nucleon Model applied to the p production cross section in A + A collisions is discussed,
so are the results. Chapter ?? introduces and discusses the simulation technique used
to evaluate the secondary atmospheric p flux. The important elements applied in the
simulation technique, such as generating cosmic ray spectra and their composition, the
solar modulation, the model of the Farth geomagnetic field, particle equations of motion,
atmospheric model and the collisions between antiprotons and other nuclei, are discussed
in independent sections. Chapters ??, ?? and ?? present series of results. Chapter 77 dis-



cusses the evaluated atmospheric p flux and their features at different altitudes, from sea
level to the AMS altitude. The corrections to the previous experimental works are given
and discussed as well. Chapter ?? discusses the trajectories of secondary atmospheric
antiprotons at very high altitudes. Discussions of possible future work on this issue are
given. The short chapter, Chapter ??, gives the atmospheric proton flux at different
altitudes, in comparison with the measurements. The deviation between the present cal-
culations and the experimental data at some specific low altitudes are discussed. Some
possible future work directions are also given here before the work is concluded.
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Chapter 2

Cosmic Ray Astrophysics

Cosmic rays have been the subject of intense scientific study during the past several
decades for various reasons. Firstly, they are ionised nuclei arriving at the Earth. Most
of them are protons and helium nuclei. Such particles are distinguished by their high
energies. It is worth reminding that some discoveries in particle physics were achieved
using cosmic rays [?]. Secondly, cosmic rays are quite abundant, with a galactic energy
density about 1 eV/cm? [?]. Such an energy density is comparable to that contained in
the galactic magnetic field [?], in the starlight luminosity or in microwave background
radiation [?]. It is possible to estimate the galactic containment time to be of the order of
107 years [?].! With such energy features, the energy source needed to power the cosmic
radiation must have a total luminosity exceeding about 10*° ergs/sec [?]. Therefore, these
energy sources must be renewed during the lifetime of the Galaxy in order to continually
re-power the cosmic rays. In addition, there is evidence that cosmic rays have existed for as
long as the Galaxy itself (=~ 10 yrs) [?]. Yet, cosmic ray particles are the largest source of
material reaching the Earth from outside our Solar System. So, the chemical composition
of these particles reflects the acceleration history and the nucleosynthetic processes at
their origin [?]. Recently, ultrahigh energy cosmic rays with energies E > 10*° eV have
been detected [?, ?]. They provide evidence for astrophysical accelerations. In addition,
such extremely high energy cosmic rays will offer clues to their sources and potentially
some important signatures of new physics.

In this chapter, some issues on cosmic rays are drawn: their discovery, their applications
in particle physics at early stage [?, ?], their important and unique characteristics and
also their link with interests of modern astrophysics.

2.1 Discovery of Cosmic Rays

Cosmic rays are high energy particles propagating in the outer space of the Earth.
The mystery of cosmic rays began around 1900 when it was found that electroscopes dis-

!The containment time is defined as the time scale of a cosmic ray particle propagating in the galactic
confinement volume until it escapes.
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charged even if they were kept in the dark well away from sources of natural radioactivity
(see Figure ??). During that period, the electroscope was a key instrument in early ex-
periments in radioactivity. The rate at which the leaves of the electroscope came together
could provide a measure of the amount of ionisation. The origin of such a behaviour was a
major puzzle and various experiments were carried out to explain this issue. It was found
later by Rutherford that, most of the ionisation was due to natural radioactivity, either in
rocks or from radioactive contamination of the equipment. Soon followed by a tantalising
experiment carried out by Wulf in 1910 by using the best electrometer constructed at
that time, he found that the ionisation fell from 6 x 10® ions m™ to 3.5 x 10°® ions m™ as
he ascended the Eiffel Tower, at a height about 330 m. y-rays were the most penetrating
particles of the ionising radiations known at that time and their absorption coefficient in
the air was well known. If the ionisation had been due to y-rays originating at the surface
of the Earth, the intensity of ions should have decayed to one half in 80 m and would

have been negligible at the top of the Eiffel Tower.

y metal

= sphere

= nsulator

|eaves

Figure 2.1: Left: An example of a traditional electroscope before and after induction.
Right: The gold-leaf electroscope. The gold-leaf system, consisting of two leaves attached
together. When a charged object is approaching the metal sphere, the opposite charges will
be removed to the leaves which will turn to separate. The amount of ionisation is then
measured by observing the rate at which the charged gold-leaves move towards each other
as the gold-leaves discharged due to the leakage currents associated with the tonisation.

The big milestone came in 1912 and 1913 when Hess and then Kolhorster made the
balloon flights in which they measured the ionisation of the atmosphere with increasing
altitudes. In 1912, Hess had flown to 5 km and then Kolhorster had made the flight up
to 9 km in 1914. It was Hess who discovered the first evidence that the source of the
ionising radiation was extraterrestrial.

Hess and Kolhorster found the surprising results that the average ionisation increased
with respect to its value at sea level above about 1.5 km (see Table ??). This result
shows evidence that the source of the ionising radiation must be originating from above
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the Earth’s atmosphere. From the observed number decrease of ions n(x) at a distance
through the atmosphere, the attenuation constant «, defined as

n(z) = noe " (2.1)

can be derived. According to the result in Table ??. the value of a corresponding to
about 1072 m™! was found and this can be compared with the absorption coefficient for
the y-rays from radium, Ra, which in the air has a value of 4.5 x 1072 m™!, i.e., the y-rays
from Ra are at least five times less penetrating than this ionising radiation which must
originate from above the atmosphere.

In 1929, Skobeltsyn constructed a cloud chamber to study the properties of (-rays
emitted in radiative decays. The experiment involved placing the chamber within the
jaws of a strong magnet so that the curvature of their tracks could be measured. Among
the tracks, Skobeltsyn noted some of them which were hardly deflected and which looked
like electron-type particles with energies greater than 15 MeV. He then identified them
with secondary electrons produced in the Hess ultra y-radiation. This claim happened to
be incorrect but it was the first picture of the tracks of cosmic rays.

In 1929, it was possible to detect individual cosmic rays by the Geiger-Miiller detector.
In an experiment performed by Bothe and Kolhorster in the same year, they tried to
distinguish whether the cosmic radiation consists of high energy ~-rays or charged parti-
cles. They found that two detectors discharged simultaneously even if a strong absorber
was placed in between. This result indicated that cosmic radiation consists of charged
particles which have sufficiently penetrating power to pass through both detectors. If the
cosmic radiation were y-rays, the particles detected by Geiger counters would have had
to be secondary electrons and two separated events would take place in the two detectors
initiated by a single y-ray. In the mean time, Bothe and Kolhorster also showed the flux of
these particles could account for the observed intensity of cosmic rays at sea level. These
particles were very energetic since they could pass through a long range in matter. They
then estimated the energies of these particles to be 10°-10° eV.

2.2 Cosmic Rays and Particle Physics

The elementary unit of matter has drawn great attention in the history of human
civilisation. In modern physics, William Crookes discovered electron in cathode rays in
1879 and J. J. Thomson, later in 1897, measured the charge-mass ratio e/m of electron.
Rutherford, by using a-scattering, found the structure of atoms in 1898. In 1910s, C. T.
R. Wilson invented a significant equipment, the cloud chamber, which helped accelerate
the study of atomic nuclei. It was found soon that a typical nucleus has a mass about
two or more times the proton mass value. Rutherford, Chadwick and Pauli postulated
the neutral mass might be in the form of new particles and started a series of experiments
to find the evidence for such new particles which became known as neutrons.

Bothe and Becker in 1930 and also Irene Joliot-Curie and Frédéric Joliot in 1932,
discovered that neutral penetrating radiation was emitted when light elements were bom-
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Table 2.1: The variation of ionisation with altitude from the observation of Kolhorster

]

Difference between observed
Altitude ionisation and that at sea level
(km) (106 ions m_3)

0
-1.5
+1.2
+4.2
+8.8

+16.9
+28.7
+44.2
+61.3
+80.4

O 0~ O T W~ O

barded by a-particles. They supposed the radiation would be some form of vy-radiation
but such radiation was later confirmed to be the neutron by Chadwick.

The discovery of cosmic rays was confirmed in 1929. Between 1930s and early 1950s,
the cosmic radiation provided a natural source of very high energy particles which were
energetic enough to penetrate the nucleus. This procedure turned out to be the key tech-
nique to discover new particles until the early 1950s. In 1930, Millikan and Anderson
studied the tracks of particles passing through the cloud chamber in magnetic field. An-
derson observed some curved tracks identical to those of electrons but corresponding to
particles with positive electric charge, which were confirmed to be positrons by Blackett
and Occhialini in 1933 by using an improved technique in which the cloud chamber was
only triggered after a cosmic ray had passed through [?]. These positrons were found to
be created by cosmic ray interactions with the body of the apparatus and the reaction is
actually the decay of bound protons in atom A via the basic process

(Z,A) = (Z -1, A+ 1)+ et + 1, (2.2)

where v, is the electron neutrino.?
The discovery of positron coincided with Dirac’s theory of the electron. Dirac succeeded
in deriving the relativistic wave equation for the electron which not only predicted its

2The inverse B-decay process for the creation of positrons
Ve+p—et +n (2.3)

could also be observed. However, the cross section of such a process is extremely small [?].
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spin and magnetic moment but also the existence of the antiparticle of the electron, the
positron [?].

In his experiment, Anderson also noticed some penetrating positive and negative tracks
which corresponded to particles with a mass about 200 m.. In 1936, Anderson and his
colleague, Neddermeyer, were sufficiently confident of their discovery of new types of
particles, nowadays known as muons (u*, ™), which come from the weak interaction
processes

Vatn—p+p 5 vutp—pttn (2.4)

The muon particles are unstable, with lifetime about 2.2 x 107° s [?] and can subsequently
decay into e~ and e™ respectively.

= e +vetrv, ;o pt—=et+u+p, (2.5)

The same work continued. In 1947, Rochester and Butler reported the discovery of two
new particles, one was neutral and the other charged and both had mass about half of the
proton and now are referred to as the charged and neutral kaons (K*, K, K°). In the
meantime, they also noticed some examples of neutral particles with long lifetimes and
with mass greater than that of the proton. These particles are now known as the lambda
particles (A).

Meanwhile, another powerful technique, photographic emulsion, for the study of parti-
cle collisions was developed by Powell’s group at Bristol University. Photographic emul-
sions are activated by the passage of charged particles which would leave tracks showing
their paths through the emulsions. In 1947, in cosmic rays interactions, Powell and his
colleagues discovered the pion, m, which was the particle predicted by Yukawa in 1936 for
the strong interactions [?], generated via processes

p+p — pHn+at (2.6)
- ptptn ;
— p+p+at 4 (2.8)

The charged pions could decay predominantly by the reactions
7T+—>,U,++VM ;om =T+, (2.9)

The photographic emulsions showed clearly the production of 7 and 7~ with lifetimes of
2 ~ 3 x107® s [?] and then their decay into muons (Eq. (??)) which subsequently decayed
into electrons or positrons and invisible neutrinos (Eq. (?7)).

Two more types of particle were discovered through cosmic ray studies. The =~ particle
left a very clear signature in a bubble chamber photograph recorded by the Manchester
group in 1952. The decay took place in the cloud chamber and showed a decay chain
which ended up with the production of a proton. The ¥ particle was discovered in 1953.

From 1953, the accelerator technology became more mature. It was then possible to
produce particles in the laboratory with energies comparable to those available in cosmic
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rays. These produced particles had a great advantage that the beams could be produced
with required energies and could be directed precisely onto the targets in the collisions.
After 1953 therefore, accelerators have replaced the application of cosmic rays in high
energy physics and the interest in cosmic rays then shifted to the mystery of their origin
and their propagation history from their sources to the Earth.

Recently, some cosmic particles with extremely high energy, up to 10%° eV, have been
detected in ultrahigh energy cosmic ray spectra in extensive cosmic ray air shower [?, ?].
Such particles have a centre of mass energy /s ~ 500 TeV, about 35 times the energy of
the Large Hadron Collider, LHC, whose centre of mass energy level is about 14 TeV. Thus,
these extremely high energy cosmic rays and the atmosphere themselves provide a natural
accelerator with energies beyond human technique capability. These particles could then
provide important clues to their origins, the interactions during their propagation and
also test on models of cosmic rays, galaxies and Cosmology. Due to the inconsistence in
spectra between measurement and prediction at energies above 10! eV, new particles are
supposed to be produced at this energy level [?, ?].

2.3 Cosmic Ray Astrophysics

The astrophysical study of the origin and the propagation of cosmic ray particles began
when cosmic rays detectors could be launched to terrestrial altitudes. The answer to the
question of the origin of cosmic rays is still not yet well known. It is clear, however,
that nearly all of them must come from outside the Solar System but from within the
Galaxy. Most of the cosmic ray particles observed are secondary. They are produced by
the collisions of interacting primary cosmic rays with nuclei in the interstellar medium
(ISM). By the cross section of spallation, the mean amount of matter traversed for the
bulk of the cosmic rays is of the order £ ~ 5-10 g/cm? [?]. The density py in the disc of
the Galaxy is of the order of about one proton per cm? [?]. So, the thickness of material
corresponds to a distance of

3

mppPN

[ =

~ 1000 kpc (2.10)

Cosmic ray particles might spend some time in the more diffuse galactic halo, and Eq. (??)
then shows a lower limit to the distance a cosmic ray particle has travelled, [ > 150 pc,
half the thickness of the disc of the Galaxy. This implies that cosmic confinement is a
diffusive process in which the particles drift around for a long time before escaping into
the intergalactic space [?].

The chemical composition of cosmic rays draws a great attention to cosmic ray astro-
physics since the chemical composition of cosmic rays is observed to be similar to the
abundance of elements in the Sun, with just some important exception in lithium (L),
beryllium (Be) and boron (B), which appear in relatively high abundance in the cosmic
rays [?]. Most of the knowledge of cosmic ray propagation in the Galaxy relies on the
study of secondary species, such as Li, Be and B (Z=3-5) and the spallation products
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of Fe (Z7=21-24) that are almost certainly produced solely in cosmic ray interactions but
rarely in cosmic ray sources. Their spectra and isotropic ratios are then a good way to
understand the acceleration history of cosmic rays and their sources. These observations
provide evidence about the chemical composition of cosmic rays as they leave their sources
and also the modifications which take place during the propagation from their sources until
being observed. These cosmic ray observations are significant for high energy astrophysics
since they are the only particles which can be detected and have traversed a considerable
distance through ISM and were accelerated in events such like supernovae in relatively
recent past, about the galactic containment time (~ 107 years) [?]. Current measure-
ments of LiBeB at low metallicities [?, ?], defined as the function of iron to helium ratio,
Fe/H, have raised the questions of the cosmic ray origin, requiring acceleration out of
fresh supernova ejecta and have also implied their production at all epochs of Galactic
evolution by cosmic rays having the same spectra and source compositions as those at the
current epoch.

Observations show that the energy spectra of cosmic ray particles are almost exactly
the same as the typical spectra of high energy particles inferred to be present in both
Galactic and extragalactic non-thermal radio sources [?]. In the region of the energy
spectrum that is not affected by the propagation of the particles to the Earth through the
Solar Wind, the energy spectra of the cosmic ray particles have a power-law relation with
energy N(E)dE « E~*dE, with o &~ 2.5-3.0. Such a relation is found to be applicable to
protons, electrons and nuclei with energies in the range 10°-10'* eV [?].

A very low flux of particles with energies up to 10?° eV is also detected by air shower
arrays located on the surface of the Earth [?, ?]. The arrival directions seem isotropic
and, they are not significantly influenced by the magnetic field in our Galaxy since the
cosmic ray particles with such high energies have gyroradii in typical galactic magnetic
fields which are larger than the size of the Galaxy. Due to the Greisen-Zatsepin-Kuzmin
cutoff at around 5 x 10 eV [?, ?], cosmic ray particles with energies higher than the
cutoff must come from the vicinity of the Galaxy, so that they can arrive at the Earth
before travelling long energy-sapping distances. The scale is estimated to be 50 Mpc [?].
However, spectra measured from cosmic ray air shower show no apparent signature of
cutoff. The solution to this puzzle still remains open.

In addition, the problem of the atmospheric neutrino anomaly has also drawn a lot of
attention recently. Neutrino oscillations proposed by the SuperKamiokande Collaboration
[?], based on the direction dependent deficit of atmospheric muon neutrinos generated by
incident cosmic ray particles could provide potential clues of new physics beyond the
Standard Model and are one of the principal interests on neutrino astrophysics. The ISN
team has also approached this issue [?].

2.4 Features of Cosmic Rays

The information about cosmic rays from which, one hopes to learn about their origin,
are the relative abundance of the different nuclei (chemical composition) and the energy
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spectrum of each component. The comparison with the chemical composition of other
various astrophysical objects, for example, the Sun, ISM, supernovae or neutron stars,
can give clues about the environment in which cosmic rays are injected into the accel-
eration processes while the energy spectra could be characteristic of certain acceleration
mechanisms.

Among the high energy particles in cosmic rays arriving at the top of atmosphere
(TOA), about 98% of the particles are protons and nuclei, and about 2% are electrons. In
the component of protons and nuclei, about 87% are protons, 12% are helium nuclei and
the remaining 1% are heavier nuclei, carbon (C'), nitrogen (V), oxygen (O), magnesium
(Mg), silicon (S7), iron (Fe)... Particles with energy up to 1 TeV per nucleon can be well
directly measured from space experiments. Particles with energies greater than 100 TeV
can be detected but their energies are derived from the phenomenon of cosmic air shower

(cascade) at TOA [?, ?].

2.4.1 Energy Spectrum
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Figure 2.2: The differential energy spectra of cosmic rays as measured at the Farth from
observation made from the Top of Atmosphere (TOA) [?]. The spectra for hydrogen,
helium, carbon and iron are shown.
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Figure ?? [?] shows the differential flux of cosmic ray species, proton, helium, carbon
and iron, in function of kinetic energy per nucleon. The energy spectra of cosmic rays
span a wide range from several MeVs up to several TeVs. The differential energy spectra
of various cosmic ray species follow a power-law energy distribution which can be well
expressed over the energy range between 1 GeV and 100 TeV per nucleon as

N(E)dE = KE™*dE (2.11)

where « lies in the range of 2.5-3.0, depending on the cosmic ray species. Cosmic rays
under 100 TeV are supposed to come from standard supernova acceleration [?]. A super-
nova remnant disspates a significant fraction of its energy to cosmic rays [?], which are
then accelerated by strong diffusive shock waves propagating through interstellar space.
Such strong shocks generate power-law spectra, with the power index a ~ 2 [?]. During
the propagation, cosmic rays are actually loosely confined in the Galaxy by the galactic
magnetic field. The Leaky Box Model incorporates a rate of escape from the galaxy that
is energy dependent by a spectral index a ~ 0.6 [?], which is supported by measurement
of the ratio of the secondary cosmic ray flux to the primary flux [?]. Figure ?? show some
important features of cosmic ray particles.

(i) At energies less than 1 GeV per nucleon, the energy spectra of all species show
an attenuation relative to the power-law observed at higher energies. The energy
and the shape of the cut-off vary with the phase of the Solar Cycle so that the
flux of low energy particles decrease during the period of high solar activity and
reach a maximum during phases of low solar activity. The cut-off results from the
fact that cosmic ray particles have to diffuse in towards the Earth from interstellar
space through out-flowing Solar Wind. Such a phenomenon is referred to as solar
modulation of the flux of cosmic rays. The Solar Wind with embedded magnetic
field would exclude low energy cosmic ray particles from the heliosphere: the greater
the solar activity, the greater the disturbances in the interplanetary magnetic field
which would impede the propagation of cosmic ray particles with energies less than
about 1 GeV/nucleon to the Earth.

(ii) In the energy spectrum of helium nuclei, there is a turn-up below 60 MeV. This
component is referred to as the anomalous *He component. The spectral turn-up
was found in 1972 and its intensity began to decrease again in 1981. Thus, such a
turn-up is affected by the solar activity. The nature of this component, however, is
still unclear so far. It is also found that the flux of these anomalous *He increases
with increasing distance from the Sun. Such a fact suggests that the component
particles are accelerated in outer regions of the heliosphere.

(iii) Although in Figure ??, the spectra of all cosmic ray species look remarkably similar,
there are, however, significant differences between the energy spectra of different
elements, especially for the heavier elements. Up to now, the energy spectra of
cosmic nuclei with Z up to 28 have been measured [?] and their best-fitted spectra
have been parametrised by applying all available data [?]. Figure ?? shows the
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spectrum index in power law spectrum Eq. (??) in function of atomic number Z.
In this figure, it shows that the spectra of cosmic ray species with 3< Z <5 and
10< Z <24 are significantly steeper than the spectra of C' and Fe respectively,
which are presumably the primary cosmic rays and also the sources producing these
species by spallation. This distinction comes from the fact that, if the production
is throughout the time of transport, then the secondaries are expected to present a
steeper spectra; if on the other hand, the spallation is mostly already in the source
region, then the secondary spectra should be the same as that of the primaries. Thus,
this characteristic suggests that the difference between these cosmic ray species can
be attributed to the difference in their path length for spallation as a function of
particle energy [?].

Spectral Index
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Figure 2.3: The spectral indices for the various cosmic elements as a function of the charge
number Z. The values are given by fitting all available data from cosmic ray abundance
measurements [?]. Proposed primary species C and Fe are indicated.

As discussed above, Figure ?? is coupled with solar modulation and the power-law
spectra Eq. (??) is valid only at £ > 1 GeV/n. A modified power-law of cosmic ray spectra
is achieved by fitting the data from experiments, which are classified into three categories:
i) spectra measured during minimum solar activity, ii) those measured during maximum
solar activity, and iii) measurements at high energies, where the solar modulation becomes
negligible. The best fitting form is then given by an expression of the type [?]

N(E)dE = A(E + B)"“EFdE particles/(m” sr s GeV /n) (2.12)
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for protons, heliums and (C' 4+ O) nuclei. The best-fit parameters A, B, a and 3 are give
in Table ??. Eq. (??) with the parameters on Table ?? has shown an agreement with
measurement data of protons, helium and (C + O) nuclei, with energies that span up to
2 TeV during both maximum and minimum solar activities. For light nuclei secondarily
produced from spallation, the spectra are steeper and are almost compensated by the
relatively flatter spectra of heavier nuclei [?]. From the observed cosmic ray abundance
as a function of energy [?], it is found that the spectrum of all nuclei with Z > 2 is
equivalent to 2.25 times the (C + O) spectrum and this weighting factor stays nearly
energy-independent within the measurement uncertainty [?]. The same conclusion is
made for all nuclei with Z > 1 whose spectrum is the helium spectrum multiplied by a
factor of 3.5.

Eq. (??) shows that, at high energies, ' > B, the energy spectra reduces to the
typical power law oc E~27_ for all proton, helium and (C' + O) spectra at both minimum
and maximum solar activities. The solar modulation is then drawn off for high energy
particles. While at low energies, solar modulation starts to pull down the spectra once
energy E is comparable to B and at solar maximum, the spectra are pulled down from
a higher energy. For energies F < B, the spectra correspond to E®, which decreases
exponentially with respect to diminishing energies.

Table 2.2: Parameters of Cosmic Ray Spectra Fits [?].

Minimum solar modulation

A B @ I}
P 18000 0.92 4.00 1.25
He 850 0.76 3.52 0.77
C+0 62 1.05 3.25 0.50

Maximum solar modulation

A B « I}
P 18000 1.61 3.83 1.08
He 850 1.17 3.63 0.88
C+0 62 1.15 3.75 1.00

2.4.2 Chemical Abundance

The chemical abundances of cosmic rays provide important clues to their origin and
also to the processes of their propagation from their sources to the Earth. If one can
deduce from these data the abundances of cosmic rays at their sources, this could provide
an important astrophysical clue to potential sites of acceleration.

The relative abundances of cosmic rays can be compared with the abundances of el-
ements in the Solar System. Figure ??7 reveals the overall similarities and differences
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between the abundances in cosmic rays and those of the typical Solar System. On the
figure, some features are apparent.

(i) The abundance peaks at C, N, and O and at the iron group are present both in
the cosmic ray and the Solar System abundances.

(ii) Both the cosmic ray and the Solar System abundances show the odd-even effect in
the relative stabilities of the nuclei according to atomic number, with the tightly
bound, even Z nuclei being more abundant. This phenomenon would emphasise
the importance of helium burning in both cosmic ray sources and in the material
sources in the Solar System [?].

(iii) Two groups of elements Li, Be, B and S¢, Tt, Cr, Mn are grossly more abundant,
in cosmic rays than in the Solar System. These elements are essentially absent and
are not the end products of stellar nucleosynthesis destroyed in stars. They are
believed to originate the most likely from the fragmentation of heavier primary
nuclei, C' — O and Fe respectively. That is to say, the primary cosmic rays are
accelerated in their sources and propagate through the ISM to reach the Earth, and
during the propagation, they suffer the fragmentation collisions with ISM.

(iv) There is an underabundance of hydrogen and helium in cosmic rays relative to other
heavy elements [?]. This could be attributed to H and He being relatively hard to
ionise for injection into the acceleration processes [?], otherwise, it would reflect an
original difference in the element composition at the sources of cosmic rays [?, ?].

Cosmic ray isotope abundances also draw a great amount of attention in modern
astrophysics. Cosmic ray isotopic component is believed to provide more direct constraints
on the type of cosmic rays sources, because it cannot be affected by atomic selection
effects, and is therefore indicative of the nucleosynthetic origin of cosmic rays [?]. First of
all, the light elements (*H, D) and (*He, *He) form a characteristic group of isotopes.
Only 'H and *He are found with very high abundances in ISM but the rare isotopes,
D and ®He, are present in much greater abundances in cosmic rays than they are in ISM
[?]. D and ®He come from two origins: they are either the primordial remnants of the Big
Bang or the secondary products in the propagation of cosmic rays. Thus, D and ®He play
as a good probe to test the propagation models [?, ?] and also allow a lower limit to their
primordial component. In standard Cosmology [?], the light elements D, *He and *He
are partly, if not wholly, primordial in origin. Current stellar processes cannot make them
in sufficient quantity but, instead, will tend to reduce their abundances. However, they
could be synthesised in significant abundances in the Standard Hot Big Bang as products
of the main pp-chain

p+n — D+~
D+D «— °*H+p+— *He+n (2.13)
SH4+D +— *He+n



2.4 Features of Cosmic Rays 17

As the secondary products, the measured ®He [?], which is mainly produced by the
fragmentation of *He, tests the propagation of He, and the > He/* He ratio measurement
that proves the prediction by using the escape length derived from B/C [?]. D nuclei
are produced partially by the fragmentation of heavier nuclei (mainly *He) and partially
by the interactions of cosmic ray protons with ISM protons. This pp interaction has
produced a peak in D spectrum around 150-160 MeV /c [?]. It is reported [?] that such
pp-interaction contributes for about 50% to the measured D flux in the measurements [?].
Thus, D measurement can also be used to test the propagation of cosmic protons.

It is found that the most common isotopes of the heavier elements are the same as
the most common isotopes found in the Solar System and also in the local interstellar
(LIS) medium. But, some significant abundances of rare isotopes are found in cosmic ray
particles. A greater abundance compared with the Solar System of some neutron rich
isotopes are found in cosmic rays. For example, the value of *?Ne/**Ne and *0/'°0O
ratios are about 4 times greater in the cosmic rays than that found in the Solar Sys-
tem, Mg/** Mg, **Mg/**Mg, ** Mg/*®* Mg and *°Si/?®*Si about 1.6 times greater while
19Be/? Be about 2 times greater and *°Ni/*®* N7 about 2.6 times greater [?, ?]. These en-
richments are important clues about the sites of acceleration of the cosmic ray particles,
i.e., the nucleosynthesis of cosmic rays is different from that of the Solar system [?]. A
very possible resolution, for 2 Ve for example, would be helium burning via the following
nuclear reactions [?].

N+ ‘He — 18F—I—’y
BF = BO+et +u, (2.14)
BOo+ ‘He — 22Ne—l—’y

It must be noted that these ratio values are the averages derived from several experi-
ments. Since the isotopic ratios at low solar modulation ® are presumably closer to the
interstellar ratios than those at high ® [?], the isotopic ratio measurements are of more
importance at lower modulation which becomes non-negligible at lower energies. For ex-
ample, "0 /0 ratio at 150 MeV /n increases by a factor of 1.5 [?] when ® changes from
325 MeV to 1400 MeV. Such a fact points out that the isotopic ratio measurement at the
same energy but at different times or locations in the heliosphere cannot be compared
directly.

2.4.3 Cosmic Ray Clocks

Another important aspect of the cosmic ray isotope abundances is the fact that some
of the isotope species produced in spallation reactions are radioactive, for example, '°Be,
M, 2 A1, 3C[ and 5*Mn, which can be considered as cosmic ray clocks or propagation
clock nuclei. Hence, if the production rates of the different isotopes of a given element
are known, information can be carried by these species about the duration of the time
these samples have taken in the journey from their sources until reaching the Earth.
The most important example is the °Be isotope, which has a radioactive half-life of
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Figure 2.4: The reproduced cosmic element abundances (He-Ni) in cosmic rays measured
at TOA compared with the Solar System abundances [?]. The data have been normalised
to [Si]= 100. The solid circles are low energy data (70-280 MeV per nucleon), the open
circles show a compilation of high energy measurements (1-2 GeV per nucleon) and the
diamonds represent the Solar System abundances.
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about 1.5 x 10° years. Because of its long lifetime, the 1° Be isotope is used as a galactic
chronometer for the measurement of the confinement time of cosmic rays in the Galaxy
[?, 7, ?]. The measurement of the momentum dependence of the °Be/? Be ratio will
provide a determination of important transport parameters and galactic variables: the
mean [SM density in the Leaky Box Model [?, ?], and the size of the confinement halo in
the diffusion model [?].

Figure ?? [?] shows the abundance classification of primary-secondary cosmic isotopes
with atomic number Z=3-30 with respect to the neutron number. It’s apparent that
all the isotopes of light elements in cosmic rays, such as Li, Be and B, are secondary
products, so are species N, 70, 180, 9F and *!N. And, the elements just lighter
than Fe, for example from Sc to Mn, are the fragmentation products of Fe. On the
other hand, for common elements like carbon, oxygen, neon, magnesium, silicon and iron,
a substantial fraction of each has survived from the spallation destruction between the
sources and the Earth. The heaviest cosmic ray particles are all primary while they are
very difficult to be produced by cosmic ray interactions. Thus, they must be directly
created from their sources, arriving at the Farth with a fraction of spallation loss.

2.4.4 Energy Density

The charged cosmic ray particles propagate in the galactic magnetic field. It is im-
pressing that the energy density of cosmic rays is comparable to the energy density in
magnetic fields. The relation between flux ® (particles/chS sr) and number density of
cosmic rays, pcr, 18

o pcrBe
47

¢

(2.15)

Therefore, the energy density, pg, is

AN dE [ 47xE*dN
—ar [ BT i E 2.1
PE ”/ dE Be Ge dE (2.16)

By using the energy spectra in Eq. (??) with the parameters in Table ?? for both

minimum and maximum solar activities [?], one could calculate pg. Figure ?? shows the
differential of the energy density integral from Eq. (??) for the spectra of proton and
helium at periods of minimum and maximum solar activities. The area under the proton
curve at period of minimum solar activity is about 0.75 eV/cmS, and helium and other
heavier nuclei contribute another amount about 0.3 eV/cm®. This is comparable to a
magnetic field energy density € = 0.25 e\//cm3 in a typical galactic field of B &~ 3 pGauss
[?], the local thermal energy density of the interstellar gas that pervades the space between
stars, ¢ ~ 0.3 e\//cm3 and the energy density of the Cosmic Microwave Background
Radiation (CMB), ¢ ~ 0.3 eV /cm® [?]. These two energy densities between cosmic rays
and any one from the other three are comparable in consequence of the mutuality of the
interactions between cosmic ray particles and the other, with field configuration being
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rays at pertods of minimum and mazimum solar activities. The values are calculated by
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Figure 2.7: The differential energy spectra of hydrogen, helium and C+O nuclet in cosmic
rays as a function of the phase of the Solar Cycle [?, ?]. The data were measured in
the period of 1964-1973. In each set of spectra, the top curve shows the measurements at
the time of minimum sun-spot number and the bottom curve at sun-spot maximum. The
middle curve shows the spectra at intermediate levels of sun-spot number. Solid lines are
the parametrisations of Fq. (?7) and (7?) for the relevant three time periods.



2.5 Cosmic Rays in the Solar System and Near the Earth 21

influenced by cosmic rays and vice versa [?]. Generally, the relation between the power
@), of the sources needed to maintain the observed energy density in cosmic rays is

~ PE (2.17)

Te

where 7. is the typical time that a cosmic ray particle takes to escape from the Galaxy.
By measuring stable '* B spectrum [?], the confinement time 7. is given as

R

~0.6
— 4. 2.1
; GV/C) yrs, R >4.7 GV (2.18)

prTe ~ 107 - (

where pp is the galactic hydrogen number density, R = pc/Ze, is the magnetic rigidity.
The median energy of all cosmic rays is about 3 GeV/nucleon [?]. Thus Eq. (?7) gives
7.~ 107 years. The power required to maintain the supply of cosmic ray radiation then
becomes
Q :/ dv/iEd—NdE ~ 5.5 x 10 erg/s (2.19)
v, 7. dE

‘galazy

This amount sets the lower limit of the power of the cosmic ray source. Although with a
large uncertainty, this power was suggested as a few efficient percent of the likely power
output of the supernova blast waves [?].

2.5 Cosmic Rays in the Solar System and Near the
Earth

Once cosmic rays enter the Solar system, they will undergo strong influence from the
Solar Wind and the Earth geomagnetic field. After reaching a radial distance of about
10Rg, Rg the mean Earth radius, where the Earth geomagnetic field turns to be dominant,
their propagation is strongly influenced by this field.

2.5.1 Solar Modulation

When cosmic rays enter the Solar system, they undergo strong influence from the Solar
Wind. The Solar Wind is the corpuscular outflow from the Sun, carrying the magnetic
field of the Sun through space, thus producing an outward convection effect upon cosmic
ray particles. The Solar Wind then drives back part of the cosmic ray particle flux entering
into the Solar Sphere and prevent this interstellar flux of cosmic rays from reaching the
Earth. This effect is called solar modulation and occurs only for lower energy cosmic rays.
The strength of the Solar Wind varies with the solar activity, for which, a measure is the
number of spots on the surface of the Sun that varies with a period of 11 years. There
exists a correlation between relative sun-spot number and geomagnetic index showing that
the local degree of turbulence in the geomagnetic field is strongly correlated with the level
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of activity of the Sun and there also exists an anti-correlation between these quantities
with the intensity of cosmic rays [?]. As a result, the spectrum shape becomes dependent
of the solar activity: during solar maxima, the repulsion of Solar Wind on cosmic rays is

also maximal, thus the particle spectra are at minimum. Some features of Solar Wind are
shown in Table ?7?.

Table 2.3: Typical parameters of the Solar Wind [?]. These parameters refer to the normal
Sun and can vary with the solar activity. In high speed streams, velocities up to 700-800

km s~1 are found and the particle concentrations are ~ 5 x 106 m™3, so that the particle
flux is more or less the same in all cases.

Particle velocity ~ 350 km s~'

Particle flux ~ 150 x 10" m=2 ™1

Particle concentration ~ 10" m~3

Energy of proton ~ 500 eV

Energy density of protons ~ 8 x 1071° J m™?

Temperature ~ 4 x10° K

The effect of solar modulation is calculated by a transport equation assuming spherical
symmetry including the effects of diffusion, convection and adiabatic deceleration [?], for
which, the propagation of cosmic rays into the Solar System is described by the Fokker-
Planck equation [?]

Loeve) - g [ [gpten] - Lo (el <0 e

where U is the cosmic ray density, V is the Solar Wind velocity, F is the kinetic energy,
r is the radial distance from the Sun and o = (£ + 2mq)/(E 4+ mg) [?]. The diffusion
coefficient k has the form k = %v)\, where A = A(r, R, t) is the scattering mean free path
[?], where R is the particle rigidity, # = Z=. Since the path of a charged particle in a
steady magnetic field is determined by its initial direction and its rigidity, A can then be

approximated by a separable function of r and R such that [?, ?]
k = Bri(r)k2(R) =~ Bri(r)R ~ BCoexp(r/ro)R (2.21)

where k1 1s the diffusion coefficient multiplier constant. Cy can be determined by taking
k = 10?2 cm? s™! for protons with energy F = 6 GeV at r=1 AU. The modulation strength
is parametrised with one parameter ®, which is given as [?]

Vi(r)
ka(r)
where V is taken as the typical velocity of the Solar Wind, V= 400 km s, rp is the

modulation boundary and is taken to be 100 AU, rg is the Farth radius and rq is a
bounded limit on radius, 0.8< rq/rg <1.6, for the need of fitting. ® then immediately

1 - _
o(r) = §|Ze|/r P g~ 140 Ze (:—;) exp (T TE) (2.22)

To
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gives estimates of the mean energy loss of cosmic ray particles. Applying ®, the relation
between the modulated and unmodulated cosmic ray flux can be expressed as [?]
E? + 2m,E
B P Nunmodulated
(E+ Ze®)2 4+ 2my(FE + Zed)

N(B) = N(E) modutated = (E+ Ze®) (2.23)

The parameter ® varies between 350 and 1500 MV from the solar minimum to the solar
maximum. It must be noted that the detailed measurements of energy spectra under solar
modulation are very laborious. However, a simpler but less detailed monitoring of the
magnitude of solar modulation than measuring energy spectra is possible by measuring
the flux of secondary neutrons produced in the atmosphere by interacting cosmic rays [?].
Thus, the variation of ® can be correlated by using CLIMAX Neutron Monitor Counting
Rate Data [?, ?] and the updated CLIMAX data can be found in [?].

The solar modulation reflects directly on the measured primary cosmic ray flux. The
flux for various levels of solar activity is parametrised as a function of the count rate of a
neutron monitor N by [?]

N(E)dE = vu **M(R, N)dE (2.24)

where the index ¢ stands for the kind of nucleus, H, He, CNO,..., R for the rigidity
in unit of GeV/cZ, and u for the total energy per nucleon in GeV. The absolute flux
value for each species is determined by ~;, for which, vy, Y. and vcno are 10.85 x 102,
5.165 x 10% and 3.3 x 1072 m? s7! sr~! GeV ™' respectively. The function M(R, N) is the

modulation function defined as

115 + 14.9(1 — N/N,pqp )12
0.97 + R

M(R,N) =exp |— (2.25)

where N is the count rate of the neutron monitor with N,,,,= 2465 count /hr. For various
levels of solar activity, solar minimum, solar intermediate and solar maximum, N is taken
as a number of 2445, 2300 and 2115 respectively. Such a parametrisation is plotted in
Figure ?? and is compared with measurement data [?].

Figure ?? shows the differential energy spectra for cosmic ray proton, helium and
C + O nuclei [?]. The results of the parametrisation in Eq. (??) show a good agreement
with the data except over the energy range £ < 10 GeV/n. Solar modulation influences
considerably particles with energies £ < 1 GeV/n. The flux difference at solar maximum
and solar minimum is more than a factor of 2.0 for 1 GeV/c cosmic rays while it decreases
to about 10% at £ = 10 GeV/n.

Attention has to be drawn to the fact that, in reality, the solar modulation strength ®
in Eq. (??) is also a function of time. In addition, the measurement of CLIMAX Neutron
Monitor shows some large fluctuations [?]. This fact is the result of the irregular activity
of the Sun. If there are some instantaneous and irregular solar phenomena, such as solar
flares etc., when a cosmic ray measurement is performed, the solar modulation could be
correlated to a higher value [?, ?].
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As discussed, the solar activity is irregular in reality and the measurements show some
large fluctuations. So, the solar modulation is in fact very uncertain, with a diffusion
coefficient x in Eq. (??) being complicated in reality. Such an uncertainty reflects directly
on the cosmic ray flux measurements at low energies, £ < 2 GeV/n that is derived [?]
and approximated using Eq. (??) and (?7):

AN _ L[ 2AB4m) , 9N] R A
N E E+2m dln E| ra(R) Ze
-1 [Q(E—I-m) ak —ﬂ] AP

E | E+2m E+ B Ze (2:26)
where the parameters «, 3, B are defined in Table ?? and m is the particle mass. In
Eq. (??), it is shown that such an uncertainty depends on particle mass, energy, time and
spectrum index. For example, suppose there is 10% of uncertainty in the solar modulation
parameter. In this case, for H at energy £ = 1 GeV/n during the minimum solar period,
the uncertainty is still as large as about 21% while for He, it is as large as 12%; at £ =
0.5 GeV/n, the uncertainty turns to be 27% for H and 17% for He. During the maximum
solar period, the uncertainty is much larger at low energies: for H, it is 17% at £ = 1
GeV/n and 20% at £ = 0.5 GeV/n, while for He, the uncertainty is 10% at £ =1 GeV/n
and 13% at £ = 0.5 GeV/n. However, at £ = 5 GeV/n, the uncertainty reduces to less
than 10% during both solar minimum and solar maximum.

2.5.2 Geomagnetic Cutoff

Cosmic rays being charged particles, their trajectories reaching the Earth neighbour-
hood are bent by the geomagnetic field, which will affect the arrival directions of cosmic
rays, block lower energy cosmic rays, and trap some (secondary) particles in the radi-
ation belts. The geomagnetic field consists of two parts, the internal field (main field)
produced by magnetic moments of the Earth and the external field driven by the Solar
Wind plasma. These two fields merge and form the magnetosphere at a radial distance
about r ~ 10 Rg [?], where Rp is the mean Earth radius.

The geomagnetic field determines the minimum energy with which a cosmic ray particle
can arrive at the Earth. This effect is caused by the magnetic shield effect for low energy
cosmic rays [?]. Since the dynamics of a charged particle in a magnetic field is determined
by its rigidity, for cosmic ray particles, the minimum energy for arriving at the Earth is
then determined by their minimum rigidity. Below this threshold, the cutoff, cosmic rays
cannot penetrate through the geomagnetic field into the forbidden region; particles with
rigidity below the cutoff cannot escape from the geomagnetic field either. The rigidity
cutoff is a function of the entering position on the Earth and the arrival direction (zenith
angle § and azimuth angle ¢) of the particles. The realistic geomagnetic field is represented
by a multipole expansion of the spherical harmonic function as [?]

ap 10y 1 oy

B, = Cor Bo = r ol By = sin 0 9¢ (2:27)




2.5 Cosmic Rays in the Solar System and Near the Earth 25

with the potential function

n

00 n+1
v =Rg (ﬁ) > (g7 cos me + kI sinmep) Pl (cos 6) (2.28)
n=1 r

m=0

where P (cos 6) is the associated Legendre function with Schmit normalisation of degree
n and order m. ¢ and h]' are Gaussian coefficients determined by the magnetic field.
Unfortunately, multipole equations (??) and (??) have no analytic solution. Thus, it
is frequent to simplify the main field as a dipole field, i.e., n = 1 in Eq. (??). This
simplification reduces the potential function in Eq. (??) to

Rg

2
Y = Rg (—) g\ cos (2.29)
r

In a dipole field (??), the rigidity cutoff, called Stormer cutoff [?], can be well expressed
analytically. It is given in the form [?, ?]

M cos* A B 59.6 cos* A
r2(1 + /1 — ( cos Ogw cos® X)? N (r/Rg)?(1 + /1 — ( cos Ogw cos® X)?

in unit of GV/c where M is the Earth dipole moment, A the geomagnetic latitude, r the

Rcutoff - (230)

radial distance, ¢ the sign of the particle charge, fgw is the incident angle from the east.
The Stormer cutoff shown in Eq. (??) is found to have an error as large as 30% in some
regions [?]. In the realistic geomagnetic field, the cutoff becomes more complicated and
cannot be formulated as a simple formula but turns to a band of intermittent transition,
which is referred to penumbra [?].

2.5.3 Cosmic Ray Trajectory Near the Earth

A particle with a rest mass mg and a charge e in electromagnetic unit moving in a
magnetic field will experience a force F = eH x v, with H the field vector and v the
particle velocity. A variable s, the arc of the particle trajectory, s = vt, happens to be
more convenient and the equation of motion can be rewritten as

muv d*x dz dy

o d - v g

mv d*y dx dz

— - =H,— — H,— 2.31
e ds? ds ds (2.31)
v d? d d

modz _dy podo

e ds? ds ds

with m = mgy = mo(1 — 52)_1/2.

The realistic geomagnetic field is a multipole field. However, with the purpose to un-
derstand the characteristic and important features, the dipole approximation is considered
here. For a dipole with moment M, one can have

Mz
H=VV =V <—)

r3

(2.32)
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where V' is the magnetic potential and r is the radial distance. Eq. (??) provides the
components of magnetic vector field as
Jrz 3yz 3z —r?

e Hy=-MT, Ho=-MT— (2.33)

5

H,=-M

With an appropriate choice of unit, the equations of motion can be reduced to [?]

d*z dz dy
L P B )
r T2 3yzd8 (3z r )ds
d? d d
r5d—8‘g = (322 — r2)£ — 3x2d—j (2.34)
5& = 3 d_y — 3 d_x
: ds? xzds yzds

by a choice of a special unit of length (Stérmer unit) [?, ?]

Mel

muv

lst = (2.35)
As it can be seen, the quantity [s7 is characterised as the radius of the circular orbit in
the dipole equatorial plane.

Unfortunately, there is no general solution to the equations of motion (??). However,
the theory enables limits to be set to those regions of the magnetic field configuration
which are accessible to the particles coming from infinity.

Transform Eq. (??) to cylindrical coordinates (R, 6, z) where R is the projection of the
radius vector r in the zy-plane and 6 is the angle between the x axis and the meridian plane
(Rz-plane). The coordinate configuration is shown in Figure ??. Thus, the equations of
motion can be rewritten as

% - R (%)2 + LT: 3 % (2.36)
% = 35122 (%) (2.37)
2
o) - 212
From Eq. (2?), a relation can be obtained immediately
RQ% = %2 +2b (2.39)

where b is the integration constant of the motion. Let ¢» be the angle between the particle
velocity and the meridian plane. Then, together with Eq. (??), one has
d9 R 2b

. _ o 2 . < 2 _ ¢
sm@/}—RE— r_3+ P = r“sintcos¢p — 2br — cos” ¢ =0 (2.40)



2.5 Cosmic Rays in the Solar System and Near the Earth 27

Eq. (??) is the equation in polar coordinate, for the loci of the intersection points between

the particles trajectories and the meridian plane. Note that the solution of the equations

of motion (??) has two parameters b and sin ¢, with the particle momentum hidden in
—2b

r and b since the Stormer unit is used. The parameter cosg Can be viewed as an impact

parameter with respect to the dipole axis at the geomagnetic latitude ¢ [?].

(r8,0)

(R®)

Figure 2.8: Left: The coordinate system in which the dynamics of charged particles in
a dipole field are defined. Right: The coordinate system viewed from z-axis showing the
definition of the angle 1, the angle between the particle velocity and the meridian plane
(Rz-plane).

Figure 7?7 shows some examples of the permitted and forbidden regions for the particle
trajectories in the Farth geomagnetic field for different values of b. It can be seen that a
critical value happens at b = —1. So, there is a critical particle momentum with which, a
cosmic ray particle can reach the Earth from infinity. In the case of a proton, for example,
the critical momentum is found to be about p ~ 59.6 GeV/c. This value has provided the
minimum rigidity needed for a proton to reach the Earth from infinity. Forbidden regions
have |sint| > 1. In Figure ??, for the cases b = —1.1 and b = —1.01, two disconnected
allowed regions are found but a particle cannot reach the inner allowed region from outer
region by passing through the forbidden region. However, for b > —1, these two regions
turn to be connected so a particle can reach the inner region from infinity.

Charged particles propagating in the geomagnetic field might be trapped by the Earth.
Discussions on this will be given in Chapter ?? and Chapter ?7.

Since there doesn’t exist an analytic solution for Eq. (??), a numerical integration
method is applied for a system of differential equations of the 2nd order for a dipole case
[?, ?]. For a realistic case of the multipole geomagnetic field, the equations of motion
become more complicated but the dipole case can still give the principal features of the
geomagnetic dynamics.
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Figure 2.9: Diagrams illustrating the regions in polar coordinate which are accessible and
forbidden for the charged particle entering the geomagnetic field from infinity. Forbidden
regions cannot have the relation |sin ¥| < 1 to be satisfied. Boundaries between the allowed
and forbidden regions are indicated.
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2.5.4 Cosmic Ray Air Shower

An air shower is a cascade of particles generated by the interaction of a single high
energy primary cosmic ray particle or photon near TOA. Although cosmic ray particles
are abundant, they would however, practically never hit the ground of the Earth directly
but collide with nuclei in the atmosphere. During the collisions, typically for hadron
interaction energies above the particle emission threshold, say, 1 GeV, secondary particles
will be produced, in which, most of them are pions and nucleons. Neutral pions decay very
quickly into two y-rays. Charged pions also decay, Eq. (?7), but with a longer lifetime
[?, ?]. Thus secondary pions might collide with another nucleus in the atmosphere before
decaying off. These processes can produce muons and neutrinos. The fragments of the
incident nucleus can also take part in the collision cascade.

A cosmic ray induced air shower has three components, electromagnetic, hadronic and
muonic [?]. Electromagnetic cascades are initiated by high energy cosmic electrons or v-
rays. A high energy photon generates an electron-positron pair production (y — et +¢7),
each of which in turn generates high energy photons by bremsstrahlung, each of which
then generates another electron-positron pair production... and so on. Because of the
rapid multiplication of electromagnetic cascade, electrons and positrons turn to be the
most numerous particles in cosmic ray air showers, with only a relatively small fraction
of muons after a few generations [?]. Thus, most of the shower energy is eventually dissi-
pated by ionisation losses of the electrons and positrons. Hadronic cascades are generated
by nuclear collisions of high energy cosmic ray nucleons, for which, the secondary nucle-
ons and charged pions could have sufficient energy to continue to multiply in successive
generations of nuclear collisions until the energy per particle drops below the pion produc-
tion threshold. In the process of hadronic cascades, the initial energy of the high energy
nucleons or nuclei is degraded into the energy of secondary nucleons, antinucleons, pions,
kaons or strange particles, which are called hadronic products. This process is referred
to as hadronisation. During the hadronisation, the decays of the lower energy charged
pions and kaons will contribute to the muonic component of the cascade. Particles with
energies below 1 GeV are however rapidly absorbed and disappear from the shower [?].

Unlike electrons and positrons, the number of muons doesn’t multiply but just increases
as the shower develops until reaching a plateau because muons rarely interact catastroph-
ically but only lose energy slowly by ionisation while traversing the atmosphere. An
important feature for muonic shower component is that, the ratio between muons and
electrons, N,/N., is sensitive to primary composition [?]. This fact results from that, at
a fixed observation level, N. is smaller for a heavy nucleus initiated shower than for a
proton initiated one of the same energy. However, N, is comparable for both, even larger,
for a heavy nucleus initiated shower. Thus, since muons come from hadronic decays, a
measurement of muons can be a good probe for evaluating the signal to background ratio
in proton-induced showers [?].

When a shower starts to develop, the number of particles increases rapidly as the shower
moves downwards in the atmosphere. On their way and in each interaction however,
the particles also lose energy. So, after some point, the number of particles reaches a



30 Cosmic Ray Astrophysics

= Piimary Cosmic Ray

e - : \ UiV Fluorescent photans

‘:,1 ' lsctropic Emission
e Priviiry Cosmic Raty .ﬂ i
.- e . ; I.I Eharged particles ol
0 W Eleciromagnetic
f y Y Ly Ehawer
E_ A n II‘ l' /’-.
e Y
e, L " i
e 2 i w5
lr ‘ v ':"r L
Cerenkov Radlation 07 7

1. Forward Eml:ﬂun\"~_"' A

il

E+e-;;5$.

Figure 2.10: A schematic diagram showing the development of an extensive cosmic ray
air shown in the atmosphere [?]. Downwards the primary particle is the shower azis.
A cosmic ray particle initiates a cascade followed by the production of pions, which in
turn, decay into electromagnetic particles or yield non-hadron particles. v-rays from neu-
tral pion decays or bremsstrahlung of electrons/positrons form pair production speed and
multiply the electromagnetic cascade. Charged pions decays contribute the muonic cas-
cade. Cerenkov radiation and fluorescence light are also emitted with the growth of the
shower. Along the shower axis, the shower grows broader and more intense and a disc-like
(shower cone) distribution forms. In the cone, the innermost contains mesons and heavier
particles, embedded by muonic cascade and with electromagnetic cascade the outermost.
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maximum but eventually attenuates as more and more particles fall below the threshold
for further particle production. Along the direction of the primary particle generating
the cascades, there is an axis, along which, most particle can be found in a kind of disc
(shower cone). In the shower, particles might also emit lights in two ways: Cerenkov
radiation, which is a form of shock wave and is emitted along the shower axis with only
a small angle, resulting from the energetic particles whose velocities are greater than
the light speed in the atmosphere; fluorescence light, which is emitted in all direction,
resulting from particles which are passing nearby the molecules, for example, nitrogen, in
the atmosphere, inducing transitions. A schematic diagram of an air shower developed in
the air is shown in Figure 77.

Only a small fraction of the particles could eventually reach the Earth ground. The
amount of such particles depends on the energy and type of the incident cosmic ray
generating the cascade. Nevertheless, actual numbers are subject to large fluctuations
(7, ?].

When a very high energy cosmic particle initiates a cascade and a great amount of
secondary particles are produced, an extensive air shower (EAS) develops. The exten-
sive air shower is the unique methodology to study ultrahigh energy cosmic rays. With
fluorescence detectors [?, ?], it is possible to reconstruct the shower profiles. Then, with
the measured profile of particle density, the energy of the primary particle generating a
shower is calculated; from the number of muons, the shape of shower front and the rise
time of the pulse in the detectors, the particle mass is then calculated. However, the mea-
surements are subject to the fluctuations in shower development. Measurements made
by fluorescence detectors and ground arrays agree with each other remarkably well. The
determination of energies obtained from two different methods agree within 20-30%, with
the error estimated as 15-20% for the good events [?].

2.6 Ultra High Energy Cosmic Rays

Cosmic Rays with energies up to 10'* eV can be directly detected [?] while "Ultra-High
Energy Cosmic Rays’ (UHECR), with £ > 10'® eV can only be detected by EAS.

Figure ?? [?] shows the all particle spectrum, i.e., the differential flux of the total
number of cosmic ray particles as a function of energy for which, no identification by
particle type is made. The figure shows that the energy spectrum exhibits little structure
and can be well expressed with a broken power law o« £~%: At the energy £ ~ 4 x 10"
eV, called the ’knee’, the flux is characterised by a spectrum index a ~ 3.0. Above the so
called 'ankle’ at £ ~ 5 x 10'® eV, the spectrum turns again to a characteristic spectrum
index o ~ 2.8.

The breaks of slope of the spectrum on Figure ?? imply three regimes and possibilities
for the origins of cosmic rays. Below the knee, the bulk of cosmic rays are believed to
be generated by strong supernova shocks [?, ?]. The change of slope at the knee could
imply that cosmic rays have experienced a different acceleration from a different origin
[?]. Some suggest that the knee is the result of acceleration at a single, nearby and young



32 Cosmic Ray Astrophysics

supernova [?]. Some propose the knee to be a signature of the production of a new and
weakly interacting particle which has taken away the energy so that one cannot see it in
the atmospheric cascades [?]. The actual spectrum is then with no modification at all
and the break of the slope is a signal of phenomenon of the production of new particles
in the cascades.
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Figure 2.11: All particle spectrum in function of energy for three regimes of the propagation
of cosmic rays [?].

For particles with energies £ > 10%° eV, the ordinary signal carriers such as protons,
nuclei, electrons and photons, will suffer interactions with the omnipresent 2.73 K mi-
crowave background radiation (CMB), the thermal relics of the Big Bang, that limit the
attenuation length of the highest energy particles to less than 50 Mpc [?]. For example,
a high energy proton embedded in CMB will produce pion (p + var3x — N + 7) with a
threshold [?]

Moy + 0 /2)
&

By =

-1
~ 5 x 10" ( ° ) 941
5 x 10 [0=3eV eV (2.41)

where ¢ ~ 1072 eV is a typical CMB photon energy. For F > FEy;, the proton will lose
a significant amount of energy on a length scale of [, ~ 1/(oncmp) ~ 20 Mpc, where
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noup ~ 422 em™? is the number density of CMB photons, and the pion production cross
section is taken o, ~ 100 mbarn = 107%% c¢cm?. So, the energy spectrum will exhibit a
depletion of particle above Fy,. This is the so called Greisen-Zatsepin-Kuzmin (GZK)
cutoff [?, ?]. Such a character is caused by the fact that the production of pions needs
the photons from the high energy tail of their distribution and the number of these
photons exponentially increases when the proton energy becomes higher [?]. The same
phenomenon also occurs for nuclei, electrons and photons [?]: UHE nuclei lose energy due
to e~ /eT pair production in the collisions with CMB photons; UHE electrons are losing
energy very fast on microwave radiation; UHE photons are absorbed on extragalactic
radio background. Numerically, the energy of the GZK cutoff is generally given for a
model where sources are uniformly distributed in the extragalactic region. However, the
measurement data of energy spectrum do not confirm such a cutoff [?, ?]. So far, two
experiments have measured two reliable UHECRs: the Fly’s Eye array [?], by detecting
fluorescence light produced by EAS, gets the primary energy being 3702 x 102 eV;
the AGASA array [?], by detecting the distribution of shower particles, estimates the
primary energy being 1.7-2.6x 102° eV. Thus, the spectrum measurement above the GZK
cutoff then provides a test of potential models for UHECR sources. At this moment,
because of the conflict between the observations and the models, neither a galactic nor
an extragalactic origin is excluded [?, ?, ?, ?, ?]. In addition, the astrophysical solution
to UHECR problem is strongly disfavoured today. Therefore, some new understandings
of the elementary particle solutions are proposed [?, ?]. Since this subject is beyond the
discussion of this thesis, only the draft of conclusions are listed below.

In the Left-Top of Figure ??, the proton spectra are calculated for a model where
the sources are uniformly distributed in the Universe with cosmological evolution of the
sources and without it. The evolutionary case is given as (1 4 z)™ with m = 4, where z is
redshift parameter. The case without evolution, m = 0, is calculated with different cutoffs
of generation spectra described by maximal energies E,,,. = 3 x 10%°, 1 x 10?! and oc eV.
The calculations are compared with AGASA data [?]. In this model, the GZK cutoff is
clearly seen, in contrast to the observed spectrum. In the Right-Top of Figure ??, a model
of overdensity is compared with the observed spectrum data, the model with uniformly
distributing sources and observed local overdensity, n/ng = 2. This model shows that the
GZK cutoff will be less pronounced with much higher overdensity. However, this result is
in contrast to the observation of cosmological isotropy. The result by applying a model
of galactic origin is shown in the Left-Bottom in Figure ??7. The model shows no GZK
cutoff but gives a higher anisotropy, shown in the Right-Bottom in Figure ??, which is
calculated as the ratio of the flux from the direction of the disc to the total flux.

Some new physics solutions are suggested since the astrophysical solution is disfavoured.
They are [?, 7, ?]:

o Superheavy Dark Matter  Longlived Superheavy Dark Matter Particles could be
accumulated in galactic halos. These particles are naturally produced at post-
inflationary epoch and can close the Universe or contribute some fraction to Cold
Dark Matter. These particles can be longlived, with lifetime exceeding the age of
the Universe. Decay of these particles produce UHECR without GZK cutoff.
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Figure 2.12: Left Top: Calculated diffuse spectra for uniform distribution of UHECR
sources in the Universe in case of cosmological evolution of the sources (curve 4) and
without evolution (curves 1-3). Right Top: Diffuse energy spectra with local overdensity
of UHECR sources. Curves 1, 2 and 3 are given for uniform distribution of the sources,
for overdensity n/ng = 2 and n/ng = 10, respectively. Left Bottom: Energy spectra of
UHECR of galactic origin, with the calculated flux o and the data x. Right Bottom: Disc

anisotropy of model of UHE iron nuclei. Figures are referred from [?]. Data compared
are referred from [?].
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e Topological Defects (TD)  There are different mechanisms of production of UHE
particles by TD. In some cases, TD become unstable and decompose to constituents
fields (superheavy Higgs and gauge bosons), which then decay to ordinary par-
ticles. This mechanism works for cusps and superconducting cosmic strings. In
case of monopoles and antimonopoles connected by strings, high energy particles
are produced at annihilation of monopole-antimonopole pairs. The most promising
candidates are necklaces and monopole-antimonopole pairs connected by strings.
UHECR from TD has spectrum with a soft GZK cutoff which does not contradict
the observations.

e Resonant Neutrinos Very high energy neutrinos are resonantly absorbed by target
neutrinos comprising Hot Dark Matter (HDM): v + vgpy — Z° — hadrons. In the
case of HDM neutrinos have locally enhanced density, the GZK cutoff is absent or
softened. Very large flux of primary neutrinos with superhigh energies are needed
for this hypothesis.

o Light Gluino  Light gluinos can be effectively produced by TD or in pp-collisions in
astrophysical sources. They weakly degrade in energy in interacting with microwave
radiation. The interaction of UHE light gluino with nucleons is similar to that of
UHE proton. Light gluino is disfavoured by accelerator experiments.

e Strongly Interacting Neutrino In extra-dimension theories, for example, neutrinos
can have large scattering cross section off the nucleon. In this case, neutrinos can
be the carriers of UHE signal from remote astrophysical sources.

o Lorentz Invariance Breaking In the case for protons with energies of 10%° eV and
even higher, the centre of mass energy could be insufficient for the production of
pions in collisions with microwave photos.

2.7 Propagation of Cosmic Rays

2.7.1 Propagation Equation (Diffusion Equation)

The propagation of cosmic rays in the Galaxy is understood as a diffusion process
where the galactic magnetic irregularities serve as scattering centres. Consider a control
volume in a coordinate space, with a frame with respect to the galactic centre with Z as a
perpendicular unit vector to the disc that is shown in Figure ??. The evolution equation
of population of particles of species ¢, N;(t,r, E), in the Galaxy in the energy interval

(E,E 4+ dF) is given as [?, 7, ?]
OF ion
it N;
(5. ]

+ (Z nvo;;N; — n'vaiNi) + (Z & — &)

i i i T

IN.; . 9,
o = V(DVN) =V (NiV£) + Qi+ o
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cosmogenic isotopes, on meteorites and on lunar rock show that the intensity of

is the time variation of the population of particle species . Since the data on

cosmic rays on the Earth has not changed more than a factor of 2 within the last
t ~ 4 x 10? years [?], a stationary picture of the propagation of cosmic rays are often
considered within typical escape time scale.

V - (DV N;) represents the diffusion of cosmic rays in the galactic magnetic field.
D is generally a tensor but can be approximated by supposing the diffusion of
cosmic rays are isotropic in the Galaxy. D depends principally on energy while the
dependence of others can be negligible.

V - (N;V.z) is the convection term of the ions. The z-component can be viewed
as the resultant of all individual contributions from the sources distributed in the
galactic disc. The convection model [?] sets an upper limit on the velocity V. <
20 km/s with a gradient dV,/dz < 7 km s~! kpc™". It must be emphasised that
this term is just an approximation and that the general phenomenon is much more
complicated.

Q); is the term of the rate of injection of particles of species 7 from sources per unit
volume. In particular, (); = 0 for secondary particles.

% [< 8£>:(m NZ-] takes account of the effect of energy gains and losses of the ions
in ISM upon the energy spectrum, in the interval (F, E + dE). The principal two
contributions are the energy losses due to ionisation in neutral material and the
Coulomb interaction in the ionised regions. This term is important at low energies

and becomes negligible for £ > 300-400 MeV /n.

(Z#Z» nvojN; — 'I”L’UO'Z'NZ') characterises the particle gain and loss term for species
1. It consists of a term of the production of species ¢ by fragmentation of heavier
elements on the ISM, and also a term of destruction corresponding to the fragmen-
tation of ¢ on other lighter nuclei. o;; is the production cross section of species 1
by another species 7. n is the density of the interstellar gas and v is the velocity
of the nucleus. o; is the inelastic cross section of nuclear spices ¢ with nuclei of the
interstellar gas.

(Z#i % — JX_:) takes into account the effect of radioactive decay. 7;; is the lifetime
of radioactive nucleus of type j decaying to type ¢ and 7; is the lifetime of a nucleus
of type 7 with respect to decay.

a reac -
% [< "f> NZ} takes into account the reacceleration of cosmic rays of species 1.

The reacceleration takes place when cosmic ray particles are scattered with magne-
tohydrodynamic turbulences in ISM during its diffusion. This term becomes more
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noticeable for light elements, particularly H and He [?] and more important at low

energy £ < 400 MeV/n [?].

192 [A_E2 N,
2062 | At " . . . . - .
This second-order term introduces more difficulties in solving the diffusion equation.
However, this term can be evaluated as a dependence of rigidity [?].

} takes into account the fluctuations in the systematic energy gain.

Generally, a complete solution of the diffusion equation (??) requires all kinds of nuclei.
So, one has to write down a system of coupled equations for each species by requiring the
parameters, such as observable density, diffusion coefficient, fragmentation and inelastic
cross sections, lifetime due to decay and escape time for each species are all known. In

addition, the form and the size of the propagation region of cosmic rays in the Galaxy
and the distribution of interstellar medium and also of the sources have to be introduced.

Apparently, Eq. (??) is non-linear and there doesn’t exist an analytic solution for this
3-D transport problem. However, a generalised analytic solution is possible with some
assumptions [?, ?]:

(i)

(i)

(iii)

(iv)

the propagation region of cosmic rays in the Galaxy is a cylindrical symmetry of
radius R = 15 kpc and height 2A;. The cosmic ray sources are distributed in a disc
of thickness 2h,, h, ~ 100 pc, inside the cylinder;

the spatial distribution of the sources and their time evolution are independent of
the kind of nuclei. Thus, Q;(¢,7, F) = ¢:(F)x(t,r) where ¢; is the constant which
determines the relative abundance of nucleus ¢ in the sources;

the density of the gas inside the disc is n, = 1 cm™ and, outside the disc, called
halo, the density is ns, ny, < n,. Practically, n, < 1072-107%n,. So, the halo
medium doesn’t significantly affect the fragmentation of cosmic rays. Thus, ny =0
is used in this approach. The length scale of the halo, Ay, is in fact an adjustable
parameter, of the order of 3-10 kpc;

the diffusion tensor D is isotropic. The diffusion coefficients of cosmic rays are D,
and Dy, in the disc and in the halo respectively;

relevant boundary conditions for the propagation equation. At the boundaries of the
halo, ¥ : z = +hj, and of the disc edge in r-direction, r = + R, cosmic ray particles
can escape freely into the intergalactic space, but, the density of cosmic rays at the
boundary is negligible. At the boundary between the disc and the halo, the density
and the diffusion flux follow the continuity conditions. Sources are distributed in
the disc region but there is neither source nor flux at z = 0. In brief, the boundary
conditions are written as

Qil,—, =0, on. =0, Ni|r:iR =0, Ni|zzihh =0 (2.43)

82 2=0
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(vi) the energy-dependent term is neglected because the energies of the particles inter-
ested are above the fragmentation threshold, which is larger than several hundred
MeV. So, the term taking into account the ionisation losses can be neglected. With
such energies, the particles can be considered as being free of solar modulation
effects and reacceleration as well.
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Figure 2.13: Schematic modelisation of the propagation region of cosmic rays in the Galazy
according to [?]. The symbol O denotes the position of the Solar System.

The diffusion equation (??) can then be treated analytically under these simplifications
on the basis of Bessel functions and the solution can provide the principal characteristics
of the flux. Nevertheless, it is clear that an analytic treatment quickly becomes limited
as soon as more realistic models are desired. Global complete solution for Eq. (??) can
be achieved only numerically. Numerical techniques without neglecting the effects of
convection, energy loss or reacceleration are performed basically on the analytic solution
with the conditions that all the non-linear terms are for the secondaries [?, 7, ?] and have
shown good agreement with the measurements.

2.7.2 Weighted Slab Model

For the transport equation (??) under the simplifications mentioend above, there exists
an analytic solution which can be approached by different models. In solving Eq. (?7),
one can change the function N; by introducing a Green function and a new function
N-(O), which represents the population of nuclei ¢ after traversing a path length, £, in the

K3
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interstellar material, such that [?]
Nift,r) = [T NG T €)de (2.44)
0

where ¢ is in unit of g/cm?. It can be seen that the function G here weights the contribu-
tion of each path length ¢ that is referred to "Path Length Distribution’. With relation of
Eq. (??), Eq. (??7) can then be decomposed into two equations for G and NZ»(U) separately,

le.,

G oG _

AN ) i NO N
i :(ZaﬁN})—mN} )) + (Z I ) gi8(6) (2.46)

d¢ pox i T nuT;

From Eq. (??) and (??), it is clear to see that the diffusion of the particles and their
fragmentation can be independently investigated: GG doesn’t depend on the fragmentation
and can be analytically solved as a combination of Bessel functions thus allowing to study
specifically the diffusion of the nuclei in the Galaxy; NZ-(U) satisfies a first-order differential
equation that is analytically resolvable in €. The technique in solving Eq. (??) is similar
to that in the diffusion equation. In addition, Eq. (?7?) is equivalent to the equation for
the density of cosmic rays in the "Slab Model’ [?], in which, it is assumed that all particles
traverse the same amount of material between 0 and &, i.e., there exists a 1-1 relation
between path length ¢ and the produced species. This is identical to the path length

distribution by setting

G(t,r,§) = (6 = &o) (2.47)

It is obvious that the Slab Model is an oversimplification while in reality, high energy
particles are found to span over a wide range of different lengths, behaving like a double
exponential distribution [?]. However, the Slab Model can still represent some rough
but important characteristics of the propagation of cosmic rays, especially the ratios of
secondaries to primaries or spallation products to spallation sources. In reality, all one has
to do is to modify the results calculated by the Slab Model by considering an appropriate
path length distribution

2.7.3 Leaky Box Model

Another approach is the Leaky Box Model, which is currently and widely used. This
model has the advantage of a system with analytically linear equations and also presents
good predictions.

Typically, high energy particles traverse about 5-10 g/cm” of ISM material [?]. This
deduces a time scale of about 107 years that cosmic ray particles remain within the Galaxy.
But, with a typical dimension of the Galaxy, of the order ~ 10 kpc, if high energy cosmic
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rays propagate freely at a velocity close to that of light, they would escape the interstellar
space in 3 ~ 4 x 10* years, which is not enough to produce the spallation products.
Thus, the particles must propagate by much more tortuous paths until they escape from
the Galaxy. Therefore, there exists a confinement volume, within which, cosmic rays
propagate before they escape.

In the Leaky Box Model, it is assumed that high energy cosmic rays diffuse freely
inside the confinement volume and they are reflected at the boundaries, with an escape
time scale. In this case, the diffusion is assumed to take place rather rapidly so that the
density of cosmic rays in the whole Galaxy remains constant. Under such conditions, the
link between the diffusion model and the Leaky Box Model is [?, ?]

V. (DVN;) ¢ — (2.48)

esc

where 77%¢ is the parameter in time which characterises the escape of cosmic rays from

the Galaxy. In addition, the physical parameters describing the Galaxy are taken as the
mean values

ne—n Qs Q; (2.49)

With the relations (??) and (??), the diffusion equation (??) is then changed to

aa];c + ]ch = QZ + (Z ﬁ’UO'jZ'N]‘ — n’UO'Z'NZ') + (E - — —) (250)
75 ;

z 77

The Leaky Box Model immediately leads to an exponential path length distribution.
Consider the case of stable nuclei, then Eq. (??) is changed to

w21 E s = Gl = Coesp (— ;

where €., = nvTe, 1s the amount of material traversed by cosmic ray particles from their
sources until they escape.

) + Tese XO(€) (2.51)

This exponential path length distribution, however, is an oversimplification. Current
studies conclude that the path length distribution is not a pure exponential. The measured
secondary-to-primary ratios [?] at energies greater than a few GeV /n, is found to decrease
with increasing energy. This fact is interpreted as the consequence of the decrease with
increasing energy of the mean amount of matter traversed by the observed cosmic ray
particles, i.e., decreasing as an inverse power law in total energy or in rigidity. In addition,
by taking into account the effect of solar modulation, the path length distribution below
1 GeV/n is also energy dependent [?]. Taking all observed data, the best-fit path length
distribution is given as [?]

b = { BLOBR™C, R >4.7 GeV (2.52)
12.503, R < 4.7 GeV
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under the solar modulation ® = 500 MV where ¢ is in unit of g/ch, B =wv/cand R is
the magnetic rigidity.

The Leaky Box Model is widely used because of its simplicity. However, if all cosmic
ray informations are be taken into account, (e.g., the energy loss by ionisation), or the
interactions between cosmic rays and cosmic plasma, (e.g., the reacceleration), the diffu-
sion approximation is, in turn, better substantiated. And, the characteristic path length
distribution then depends on the type of magnetic field irregularities: ... o< B~'/2 in

1/2

the case of a Kolmogorov-type spectrum of turbulence and &.5. o< R™'/# in the case of a

Kraichnan-type turbulence [?].

2.7.4 Examples of Solution

??(a) Spectral Index

Consider the steady Leaky Box Model without the effect of solar modulation, with
energies greater than 1 GeV/n. Diffusion Eq. (??) then reduces to

K3 TZ

Q8 = M) (s + ) = 2 (142 e

The production rate of component ¢ through spallation of heavier nuclei is relatively small
compared to the most abundant primary nuclei so this term is not taken into account for
the sake of simplicity. Thus, for high energy cosmic rays, Eq. (??) gives the relation for
the cosmic ray components between the source spectra and the observed spectra

Ni(E) ~ Qi(E) - 72*(F) (2.54)
with Tfpallzl/(ﬁvai) ~ 4 x 107 years > 7. From the energy-dependent path length
distribution in Eq. (?7), one gets

Ni(E) < E™%Q,(E) (2.55)

where Q; is the source spectrum of species 7. As it will be indicated later in Section ??,
such a source spectrum would follow a power law, Q;(E) o< E~%, with a ~ 2.0-2.3, under
the acceleration by strong shock waves of supernova remnants. So, Eq. (??) gives the
observed spectrum of cosmic rays with a spectral index a ~ 2.6-2.9, which is the index
experimentally ovserved for cosmic ray spectra. Thus, the prediction by this model is in
good agreement with the observations.

??(b) *He/*He Ratio

The rare isotope ? He is produced by interactions of cosmic ray *He in the Galaxy and
the ®He/*He ratio is an excellent probe of the propagation history of cosmic *He. Since
3He is rare in nature, with a ratio >He/*He ~ 3 x 107" in the solar wind, cosmic ®He is
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believed to be due to the breakup of primary *He. In order to obtain the ratio value of
He/*He, Eq. (??) for such nonradioactive nuclei can be rewritten as
Ni ngéi fl’UUjiNj

N.
Z—I— nvo;N;, — — =0=—= N, =
TZ-BSC ; Jesta Tispall (1/7-2'650) + (1/7_ispall)

(2.56)

Since *He is produced from the primary *He, the > He/*He ratio can then be written by
applying Eq. (??)

[He] _ ot (tHe) + 7o (*He) o(CHe)ospesnN(*He) (2.57)
[*He]  75l(3He) + 0 (P He) Q(*He) |

esc

Vyhere Tese can be replaced by & in Eq. (??7) by using the relation &5 = nv7es. and

Q(*He) can be replaced by other parameters by applying Eq. (??). It is necessary to
know the production cross section of ®He from the principal interaction

‘He+p—"He+ X (2.58)

The experiment has shown that such a process has an almost constant cross section, 54
mb, with incident energy 1 GeV/n < £ < 10 GeV/n [?]. In addition, the lifetimes of
the spallation for *He and *He have to be known. With the relation between 7,,; and

fotal 1/ 7ypanr = nvoi2d! Eq. (?77) can then be worked out

total inelastic cross section o;2%}", Lot

immediately with an additional formula on o;,.;.

Since cosmic protons are the most abundant, the collisions between protons and helium
nuclei should dominate the spallation. For p+ A collisions, the total inelastic cross section
can be parametrised as [?]

olotl = go[1 — 0.62 exp(—£y/200) sin(10.9£7°%)]  (mb) (2.59)
where Fj is the kinetic energy in MeV. The factor o, is
oo = 45A%7[1 + 0.016sin(5.3 — 2.631n A)] (2.60)

where A is the mass of target in amu unit. With all the parameters fixed, Eq. (?7?)
can be solved. Figure ?? shows the result of this approximation. Although with great
simplification, the prediction is acceptable with an error range within 20%. For the
complete calculation, one must consider the ® He-production from the spallation of *He
colliding with other heavier nuclei in the ISM. Such a production is scaled to a target
dependence with a scaling factor of A% [?]. In addition to protons, the collisions between
helium and heavier nuclei shall be considered too. The total inelastic cross sections for
such A 4+ A collisions can be parametrised as [?]

ool = 1003 (AY° + A — §)? (2.61)
where ro=1.47, 6=1.12 and A, and A; are the mass numbers of the projectile particle,
3He or *He, and the target respectively. The actual *He/* He ratio is then the resultant
of all contributions.
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It must be indicated that, with a systematic study [?], different parameters present
different weights of effect on the *He/* He ratio. It is found that each of the path length
distribution and also the production cross section of *He from the spallation of *He
contributes about 10% uncertainty to the ratio prediction while the inelastic cross section,
solar modulation and others denote an uncertainty less than 5% for each.

The ?H/? He ratio measurement is currently of particular interest. The reacceleration
effects are stronger for lighter elements [?] hence the ?H and ®He data impose stronger
constraints on the reacceleration parameter than the B/C, "’ Fe/Fec data etcetera. Mea-
surements of ?H/? He ratio over a wide energy range during the solar minimum can then
provide a good test for this model. And, at higher energies, where the solar modulation
effects can be neglected, the ?H and ® He data are directly comparable to the precise B/C
and *"PFe/Fe data available above ~ 700 MeV /n [?].

During the last decade, there have been a number of space and balloon experiments
with improved sensitivity and statistics. They then impose more and more severe con-
straints on cosmic ray propagation models. Now, it is generally proposed that, there
doesn’t exist a simple model that can simultaneously reproduce all data related to cosmic
ray origin and propagation [?]. This is still a big question in cosmic ray studies.

0.3

*He/*He

® Simpson et al., 1983

0.25 —
r B Reimer et al., 1998
r —— Estimation from this work

0.05 —

E, (GeV/n)

Figure 2.14: Prediction of *He/*He ratio for lower solar modulation, ® = 500 MV. The
production cross section of *He from *He +p — 3He + X is taken as 54 mb for low
energies [?]. The result is compared with the measurement data [?, ?].
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2.7.5 Acceleration of Cosmic Rays: Fermi Acceleration

Fermi first proposed a model for the acceleration of cosmic rays in 1949 that became
known as the "Second Order Fermi Mechanism’[?]. In this model, particles collide stochas-
tically with magnetic clouds in the ISM and are reflected by these magnetic mirrors, which
are assumed to move randomly with a typical velocity V. Those particles are involved
in head-on collisions and following collisions with the mirrors. During the collisions, the
particles will gain energy by head-on collisions and lose some energy by following colli-
sions. However, head-on collisions are more probable. Thus on average, Fermi showed
the particles could be accelerated statistically during the collisions.

This mechanism naturally predicts a power-law energy spectrum. This surprising result
can be well understood by following Fermi’s approach [?, ?].

Consider the collision between the particle and a mirror, or massive cloud, takes place
such that the angle between the initial direction of the particle and the normal to the
surface of the mirror is #. Since the cloud is assumed very massive, the velocity of the
particle is unchanged in the collisions. In the centre of mass frame, the mirror is moving
at a velocity V. Under Lorentz transformation, the energy of the particle in this frame is

2\ —1/2
E'=~(F + Vpcos#), v = (1 - V—) (2.62)

2
The x component of the relativistic 3-momenta in the centre of mass frame is

VE
pl=p cost =~ (p cos 0 + —2) (2.63)
c
Because the mirror is massive, the energy of the particle is conserved in the collisions but
the z-momentum is reversed. So, after a collision, the quantity in the observer’s frame

(the laboratory frame) becomes

2Vvcosd ~ (V\?
E" = ~7(E' +Vp.) = 2E [1 + T (—) ] (2.64)
c ¢
with v as the velocity of the particle. So, the energy change after a collision is
ANE  E"—E  2Vvcos® _[V\? 3, 3 _
= g +2<:) +0 (V) (2.65)

Since the particle is randomly scattered by hydromagnetic waves or irregularities in the
magnetic field, the probability of a collision within the angles 8 to 8 4+ df is proportional
to sin@df. In the case of a relativistic particle with v ~ ¢, the average value of Eq. (?7)
then becomes

(8) -2 (5)' (20 < ()" () St 5 4
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Fermi Acceleration Mechanism

Stochastic energy gain in collisions with
plasma clouds
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Figure 2.15: A schematic diagram of Fermi mechanics [?]. In the second order process,
particles collide stochastically with massive, randomly distributed magnetic mirrors, which
in turn reflect the particles. The particles suffer both head-on and following collisions. In
the first order process, velocity distribution of particles is isotropic. Particles near a shock

wave can cross the shock front from either upstream or downstream region and recross the
front on the way round.
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where @ = cos . Eq. (??) illustrates the result that the average increase in energy is just
a second order of V/c. Suppose the mean free path of the particle along a field line is L,
then the time between two adjacent collisions is approximately L/ccos @, which leads to
an average value of % So, the average energy increase rate is

dE 4 (V? _

Define 7 as the confinement time that the particle remains in the acceleration region.
Consider the simplest case that only one single particle is involved during the acceleration,
the steady-state solution of Eq. (??) can then be reduced to

I BENB] - Y =0 = —apN )] - Y =0
=)t ew
with b(E) = —%£. So, Eq. (??) leads to a solution
N(E) = constant x E~ (2.69)

where x = 1 + (ar)™'. Apparently, the solution has given a power-law energy spectrum.

Although the acceleration derived from the collisions between the particles and heavy
interstellar clouds has given a power-law energy spectrum, it also shows that the power
index in Eq. (??) depends on the local details of the model and would not give rise to
a universal power law for cosmic rays arriving from the outer space of the Earth. In
addition, the random velocities of interstellar clouds in the Galaxy are very small, about
V/e < 107* [?]. And, the typical mean free path of cosmic rays in ISM is about 1 pc
[?]. Thus, a cosmic ray particle collides about once per year. Furthermore, energy loss
by ionisation will drag the acceleration. Energy loss by ionisation becomes important
when the particle energies are low. So, if cosmic rays are accelerated by this mechanism,
it must accelerate the particles from low energy regions, by overcoming the energy loss
by ionisation or, it must accelerate the particles very rapidly in order to contribute an
average increase in energy. However, Eq. (??) shows the energy increase is very small at
low energy and, the collision rate, once per year, is too slow and too insufficient to play
a key role in particle acceleration. Thus, another more efficient mechanism, the so called
"First Order Fermi Acceleration’ is then considered, which proposes that the acceleration
is driven by shock waves.

Although second-order Fermi acceleration is not the principal mechanism dominating
the acceleration of cosmic rays during their propagation, it characterises, by theoretical
derivation, the reacceleration of cosmic ray particles that results from their interactions
with the turbulent magnetic fields [?].



2.7 Propagation of Cosmic Rays 47

2.7.6 Acceleration of Cosmic Rays: Strong Shock Waves

??(a) Aspects of Shock Waves

Shocks waves are found ubiquitously in high energy astrophysics and play a key role
in many different astrophysical environments. Shock waves form when a wave source or a
disturbance is propagating at a velocity greater than the speed of sound in the medium.
There is then a discontinuity between the regions behind and ahead of the disturbance.
Shocks arise in astrophysical situations such as the stellar explosions or charged particles
in magnetic interstellar regions.

In formulating the equations of shock waves, assume there is an abrupt discontinuity
between two regions of fluid flow. In the undisturbed region ahead of the shock wave,
the gas is at rest with pressure P, density p; and temperature 77. Behind the shock
wave, the gas moves supersonically with pressure, density and temperature P;, p; and T}
respectively. A more convenient way is to take a reference frame moving at a velocity U in
which the shock wave becomes stationary. Thus, the undisturbed gas then flows towards
the discontinuity at velocity vy = |U| and, after it passes through the shock front, its
velocity becomes vy with respect to the reference frame. The behaviour of the gas on
crossing the shock front is described by some conservation laws in fluid dynamics:

Continuity Equation pP1UL = pavg (2.70)
1 1

Conservation of Energy Flux  pjv; <§Uf + wl) = pavy (EUg + 'wg) (2.71)

Conservation of Momentum Flux P+ piv? = Py+ pyvd (2.72)

where w is the enthalpy per unit mass, w = ¢,, + PV, ¢, is the internal energy per unit
mass and V is the specific volume V = p~!. For simplicity, consider the case of shock
waves in a perfect gas for which, the enthalpy is w = yPV/(y — 1), in which, ~ is the
ratio of specific heats. Applying the defined w to Eq. (?7), (??) and (??), and using the

perfect gas law %zconstant, the ratios of pressures, densities and temperatures can be
calculated as
P 2yM?2 — (v —1 2y M?
Lo BMi—(=1) | HM; (it My > 1) (2.73)
Py (y+1) (y+1)
P2 U1 (v+1) (v+1) .
= = —= ~ f M 1 2.74
m T ow GonryE oy M %1
Ty _ [2yMP—(y—DIR+(y - DMF] _ 29(y — 1)MY GE M > 1) (275)
g (v + 1)2M¢ GRS

where the Mach number of the shock wave is defined as

, 2 ) 2 02 )
M2 = <ﬁ> _ ( U1 ) L S 2.76
! ¢ (vP1/p1)t/? YPi/p1 vPV (2.76)
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and ¢; = /(v P1/p1) is the sound speed in the undisturbed region. The results in Eq. (?7),
(??) and (??) show that in the limit of very strong shock waves, the temperature and
pressures can become arbitrarily large. That is to say, the undisturbed gas is both heated
and accelerated when it passes through the shock front. But, the density ratio attains the
finite value of (y + 1)/(y — 1) in Eq. (??). For example, for a monoatomic gas, v = 5/3
and hence py/p; = 4 in the limit of strong shock wave case. These results demonstrate
how efficiently strong shock waves can heat gas to higher temperatures and it is found to
be the physical phenomenon in supernova explosions and supernova remnants [?, 7, ?].

??(b) Particle Acceleration in Strong Shocks

As seen in Section 7?7, the second order Fermi acceleration is not efficient at all. A
more efficient approximation is to consider 'First Order Fermi Acceleration’. The key
difference of the first order Fermi acceleration from the second order is that, only the
head-on collisions are possible between the particles and the mirror [?] so the energy
increase is then AE—E o % This argument remains applicable to strong shock waves. A
flux of high energy particles are assumed to appear both in front and behind the shock
front. For particles with high energies, the velocity of the shock is much less. So, the
thickness of the shock will be normally much smaller than the gyroradius of a high energy
particle. Thus, when the particles pass through the shock front in either direction, because
of turbulence behind the shock front and irregularities ahead, the particles are scattered
so that their velocity distribution rapidly becomes isotropic on either side of the shock
front [?]. The distributions are then isotropic with respect to the reference frames in
which the fluid is at rest on either side of the shock.

In formulating the first order Fermi acceleration, define £ = 3, Ey as the average energy
of the particle after one collision and P. as the probability that the particle remains within
the acceleration region after one collision. Then, after k collisions, there will be N = N, P*
particles with energies £ = E,3* in the region. This satisfies

In(N/Ny)  InP, N E " Fe/ Infe
NN _Inr N () -
IH(E/E()) In ﬁe NO EO
Eq. (??) then presents a power law
N(E)dE « E=itnPe/nbe)gp (2.78)

Now consider the case of a strong shock propagating at a supersonic, but non-relativistic
speed U through a stationary interstellar gas. Figure ??(a) shows the situation in the
rest frame of the gas: the density, pressure, and temperature of the gas upstream and
downstream of the shock front are py, P, Ty and py, P, and T) respectively. When
viewed in the rest frame of the shock front as in Figure ??(b), particles are arriving from
downstream with a speed v; = |U] and exiting upstream at a speed vy. Eq. (?7) gives
v1/vg = 4 with v = 5/3 for a fully ionised plasma. Transforming into the rest frame
of the downstream medium, the upstream particles appear to flow into the shock front
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(¢) rest frame of downstream medium

(b) seen in rest frame of shock front (d) rest frame of upstream medium

Figure 2.16: The schematic dynamics of high energy particles in the vicinity of a strong
shock wave [?]. (a) A strong shock wave propagating at a supersonic velocity, U, through
a region of stationary interstellar gas with pressure, Py, density p; and temperature T}.
Behind the shock wave, they are flow of interstellar gas in the vicinity of the shock front
in a reference frame such that the shock front is at rest. In this reference frame, the ratio
of the upstream to the downstream velocity is vi/ve = (y + 1)/(y — 1) (Eq. (?7)). In
the case of fully ionised plasma, the monoatomic perfect gas gives v = 5/3 so that ratio
v1/va=4. (c¢) The flow of gas is observed in the reference frame in which the upstream
gas is stationary and the velocity distribution of the high enerqy particles is isotropic.
(d) Same argument as (c) but in the reference frame in which the downstream gas is
stationary.



50 Cosmic Ray Astrophysics

with a speed of %. Similarly, the downstream particles appear to flow into the shock
front with a speed of STU as seen in the rest frame of the downstream medium. These
are illustrated in Figure ??(c) and (d). A particle crossing from either side of the shock
front is more likely to suffer a head-on collision, which then tends to send it back in the
opposite direction with an increase in energy.

Under the performance of the same steps in Section ??, the energy of a particle at a
velocity V = % when passing into the downstream region from the upstream is given by
the Lorentz transformation

E'=~(E+p.V) (2.79)

where x is taken to be perpendicular to the shock front. Assume the shock moves non-
relativistically, V' < ¢, but the particles are relativistic. So that, £ = pe, p, = (F/c¢) cos 6.
Thus, when a particle crosses a shock front, it gets an energy increase by an amount of
ANE V
AE =p,V = pV cos) = - = —cos § (2.80)
c
The number of particles within the angles 8 to 8+ d#f is proportional to sin #df but the rate
at which they approach the shock front is proportional to the orthogonal component of
their velocities, i.e., ccos #. So, the probability distribution over all particles approaching
the shock is then

P(6) = 2sin 6 cos Odb (2.81)

Thus, the average increase of energy for particles crossing the shock front is

AFE Voo, 2V 9 Qf
<T> = ?/0 2cos“ fsin 0dl = 3c (2.82)

Shown in Figure ??(d), the velocity vector of the particle is randomised without energy
loss by scattering in the downstream region and it can then recross the shock front, in
which, the particle gains another energy increase by the same amount. So, in a loop of
crossing the shock, the average energy increase becomes

<%> Sp-4 (2.83)

This is the Fermi first order approximation. So, by definition
Be=—=145— (2.84)

By applying the argument in [?], the number of particles which cross the shock is iNC,
which is the average number of particle crossing the shock in either direction. In the
downstream region, some particles are removed from the shock at a rate N(U — %U) =
iNU, shown in Figure ??(b). Therefore, the fraction of the particles which have drifted
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away per time is tNU/1Nc¢=U/c < 1. Thus, P, =1 — % By solving Eq. (??), one can
get

lnPc:ln<1—g)2—g ; 1Hﬁe:hl<1‘|‘.— =9, == (2.85)
c

C C

with U < ¢. So,

InP.
Ing,

This relation predicts a differential energy spectrum of high energy particles Eq. (?7) as

~1 (2.86)

N(E)dE < E7*dE (2.87)

Although different from the observed spectrum, Eq. (??) derived from the first order
Fermi mechanics shows the characteristic power-law spectrum. The strong waves with the
velocity vectors of the high energy particles being randomised on either side of the shocks
have a great applicability to most sources of high energy particles, such as, supernova
remnants, active galactic nuclei and the diffuse components of external radio sources
(7, 7.

On the other hand, this mechanism has an energy limit for the acceleration [?]. This
model relies on the fact that the particles must be scattered in both the upstream and
downstream regions by magnetic irregularities. Near the shock, the particles diffuse back
and forth across the wave front and are confined for some time, which is typically about
10° years [?], and the upper limit of energy of particles which can be accelerated in typical
supernova explosions is that for which, the gyroradii of the accelerated cosmic particles
become of the same order of the shock size, such that this acceleration mechanism cannot
function. The maximal possible energy a charged particle can be accelerated by this
mechanism is

Epaw = |Ze€|rgyro B ~ 10" eV (2.88)

where B is the galactic magnetic field.

Other approaches have also been proposed. In pulsars, very strong magnetic fields
and very strong electric potentials can develop within the magnetospheres where particles
can be accelerated to very high energies with a limit about 3 x 10'? eV [?]. Ultra-
relativistic shock wave mechanism has also been considered [?]. This is similar to the
original Fermi acceleration but involves highly relativistic shock waves. This mechanism
gives a characteristic spectrum index 2.2-2.3, with an energy limit about 10'® eV /n but
with large anisotropies of the velocity distribution of the accelerated particles near the

shocks.
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Chapter 3

Antiprotons and Study of the
Universe

Antiprotons are a topic of great interest in Relativistic Heavy lon Physics [?, 7, 7,
?. ?], because the enhanced production of antiprotons may result from the formation
of the Quark Gluon Plasma (QGP) [?] and also because antiprotons might provide an
experimental measurement of the density of baryonic matter produced in A+ A collisions
due to the large p — p annihilation cross section [?]. In addition, antiprotons are also
of astrophysical interest since they are a rare component of cosmic rays, of the order
of p/p ~ 107°. The origin of cosmic ray antiprotons has attracted a lot of attention
since the first observation reported by Golden et al. [?]. The major part of the p flux
is believed to result from the interactions of high energy cosmic ray particles with the
ISM in the Galaxy. However, the measured data [?] of antiprotons appear to be higher
than the expectation if these particles are assumed to be produced by such interactions.
This overabundance of antiprotons has led to speculations about their origins, ranging
from models where they are produced in the shrouded supernovae [?] to the annihilation
of Majorana fermions created during the Big Bang [?]. In addition to the secondary
galactic p component, other contributions of primary origin and of major astrophysical
interest, have been considered. Contributions from the annihilation of dark matter (DM)
constituents [?, ?, ?], and from the existence of primordial black holes (PBHs) [?, ?] to
the cosmic ray p flux have been discussed recently. All these speculations have predicted
different energy spectra at high energies [?].

In this chapter, the motivation for studying cosmic antiproton is discussed. An im-
portant AMS-related prospect for the study on the Universe, dark matter and primordial
black holes, is reviewed. The existence of dark matter in the Galactic halo is investi-
gated, dynamically and observationally. A dark matter candidate, the supersymmetric
neutralino, is especially discussed. The formation of primordial black holes in the Early
Universe is also investigated. The individual contribution to the cosmic antiprotons from
the interaction production in the interstellar medium, the annihilation of supersymmet-
ric dark matter and the evaporation of primordial black holes is separately discussed.
Comments on this issue are given at the end.
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3.1 Dark Matter in the Universe

The nature of dark matter (DM) remains one of the great mysteries of the Universe. A
considerable uncertainty remains as to whether our Universe is open (9 < 1), flat (2 = 1)
or closed (2 > 1), but it is quite sure that the dominant constituents of the Universe are
invisible.

3.1.1 Estimates of the Density Parameter ()

The mass density of matter in the Universe is usually given in terms of the ratio

pi -
Q= — 3.1
5 (3.1

where p; is the density of the i-th kind of matter, p. = 10.5h* keV/cm?® [?] is the critical
density of the Universe, with A = H/100, in which, H= 50-100 km s™'Mpc™" as the
measured value of Hubble constant. However, the density of the Universe cannot be
measured directly. One way to estimate the density of the Universe is from the anisotropy
of the CMB. Figure ?? [?] shows the predicted and the measured CMB anisotropy power
spectra. With the adiabatic models, the location of the first acoustic peak in the spectra
is predicted to be [?]

220

[ ~ 3.2
¥n 52

giving the density of the Universe about
Q~1.04+0.2 (3.3)

Another way to estimate the density in the Universe is to be inferred from the dy-
namical observations: firstly the mass of a representative class of nearby galaxies must be
found by using the dynamical consideration, determining the typical relation between the
luminosity and the mass of a galaxy- the mass-to-light ratio, T = M/ L; secondly one uses
T to integrate over the observed galaxy luminosity function [?] to determine the overall
mass density.

The mass density of luminous matter is determined by observing the solar neighbour-
hood. The mass-to-light ratio of the solar neighbourhood is T ~ 5k My/Ls, giving
Qum = 0.003271= 0.003-0.007 [?], where My, is the solar mass and Lg is the solar lumi-
nosity. If the solar neighbourhood is typical, the amount of material in stars, dust and

gases, within the optical radius of galaxies yields an estimate for the mass density about
7. 7]

Qum ~ 0.005 (£0.002) (3.4)
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Figure 3.1: Theoretical predictions of CMB anisotropy power spectra together with the
measurement results from COBE, and a wide range of ground based and balloon borne
experiments [?].

Dynamics of cluster of galaxies constrained by the virial theorem [?] suggests a universal
nonrelativistic-matter density of [?]

Qetuster ~ 0.2 (£0.1) (3.5)

This is a reasonable range if the Universe is an open one with () < 1. However, if the
Universe is composed of all these matters, the duration of the epoch of the structure
formation would be quite short, therefore requiring the fluctuations in the microwave
background to be larger than the observed [?, ?]. So, this argument suggests .y ster > 0.3.
In addition, if the current value of € is of the order of unity, then at the Planck time, it
must have been 1 £ 107 [?], leading to  exactly unity for the aesthetic reason. This
same conclusion is also given by Inflationary Cosmology [?], which provides a satisfying
explanation for the homogeneity of the microwave background and requires the total
density parameter of the Universe be equal to unity.

Dynamical estimates [?] for the mass-to-light ratio of elliptical galaxies by the virial
theorem typically yield T ~ 7Th My /Lg. For spirals, the measurement of disk rotation
curves out to the optical radius yields T & 4-10h Mg /Lg. So, the mass in the Universe
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related to such kinds of matters is
Qpuster =~ 0.016 (3.6)

In fact, the rotation curves of spirals can be measured further out into the halos by
observing globular clusters beyond the disk. In general, there is up to 10 times more
invisible matter mass associated with each spiral galaxy [?]. Newton’s law implies galactic
dark halos with mass yielding

Qhato =~ 0.15 (£0.05) (3.7)

Big Bang Standard Cosmology [?, ?, ?] predicts the light abundance ratios, D/H,
‘He/H etc, from the primordial nucleosynthesis.! These abundances are a sensitive func-
tion of the baryonic density Qg which is given with a constraint by observation [?]

OQp ~ 0.02 (£0.002)r~? (3.8)

This constraint is widely accepted. Figure ?? [?] shows the theoretical prediction of *He,
D, 3He and "Li abundances, from the Big Bang Nucleosynthesis. The baryon density of
the primordial abundance of deuterium is given as Qgh? = 0.019 £ 0.0024, based upon
the measurement [?]. The baryon density pp is related to the baryon-to-photon ratio 5
as [?]

M\ [ Lg

~ 9 x 108k L (-) ~9 ) Mpce? =9x 10%hLs [ -L) Mpe3 3.9
PB X o7 (M@) pc X o\ pc (3.9)

However, some problems exist. First, the measurement of the baryonic density in the hot
gas region of the rich cluster from X-ray emissions [?] due to bremsstrahlung e~ + ¢~ —
€~ + e~ + v in the galactic magnetic field provides the baryonic mass Mg relative to the
total dynamical mass Myyq; as [?]

M
E_ > 0.009 4 0.05,73/ (3.10)

total

Eq. (??) is in contrast to the Big Bang Nucleosynthesis constraint (??). This is called
"baryon cluster crisis” [?] since it cannot be reconciled with a Universe of Q10 = 1.
However, some arguments for the resolution of baryon cluster crisis are raised by applying
more complicated inhomogeneous nucleosynthesis models, making constraint (??) slightly
altered and weakened [?, ?].

In Conclusion, dynamical arguments have led to the assumption that there is a great
fraction of the mass in the Universe invisible, i.e., there is a great deal of non-luminous
(or dark) matter. However, weighting its density parameter is a challenge. By using
relatively rare celestial objects, rich clusters, which form from the density perturbation of
comoving size around 10 Mpc [?], the total matter density can be inferred because such

1See also Chapter 7?2 in this thesis.
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Figure 3.2: Predicted abundances of *He (mass fraction), D, *He and "Li (number
relative to hydrogen) as a function of the baryon-to-photon ratio n and the baryon density
parameter Qgh® [?]. The shadow band embedding each curve indicates 20 theoretical
uncertainty. The dark band shows the determination of the baryon density based upon the
recent measurement of the primordial abundance of deuterium, Qgh* = 0.019 4 0.0024
[?]. The baryon density pg is calculated by the baryon-to-photon ratio n [?].
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clusters gather material together from a large region of space thus play as a sample of
matter in the Universe. Most baryons in clusters are in the hot diffusive intracluster gas
which glows in X-rays and donot reside in the galaxies [?]. Thus, a variable, so called
the gas-to-total mass ratio, can be applied to determine the total baryon mass and also
the total matter mass. The gas mass is determined by measuring the X-ray flux from the
intracluster gas or mapping the Sunyaev-Zel’dovich CMB distortion [?, ?] caused by CMB
photons scattering off hot electrons in the intracluster gas. The total cluster mass, on the
other hand, can be determined by the dynamics of cluster galaxies and the virial theorem,
or by mapping the cluster mass by gravitational lensing, or by the hydrodynamics of gas
emitted from the cluster. With the gas-to-total mass ratio from the X-ray measurements,
the reliable estimates of the mean matter density parameter is reported to lie in the range

7]
Oy =0.440.1 (3.11)

Evidently, the matter with the matter density parameter (??) is still far from composing
a flat Universe (?7). In addition, the observational evidence based on measurements of
type la supernovae carried out by two groups, the Supernova Cosmology Project (SCP) [?]
and the High-z Supernova Team (HZSST) [?, 7], has pointed to an accelerating Universe.
Such results have suggested that our Universe has a large missing energy component with
negative pressure, i.e., another form of energy, dark energy [?]. So far, the Universe is
believed to made up with dark energy with a density parameter about 2/3, dark matter
with a density parameter about 1/3 and luminous matter with a very small density
parameter, only about 1/200 [?]. The dark energy problem is still one of the great puzzles
in Modern Cosmology.

3.1.2 Evidence of Existence of Dark Matter

From Egs. (??) and (??), one has the estimated total density of the Universe Q¢ ~ 1,
much greater than the density of the visible matters in the Universe, Qyisipie ~ Qstar
Qium =~ 0.005. This fact suggests that there might be a great amount of invisible dark
matter contributing to the Universe. The most robust and physical evidence of the exis-
tence of dark matter comes from the observations of rotation curves of the gas clouds of
the spiral galaxies. Fig. ?? [?] shows the rotation velocity for the spiral galaxy NGC6503.
The velocities of the gas clouds of the galaxy are measured in function of r, the distance
from the centre of the galaxy. In the figure, it is apparent that, after a rise near r = 0, the
circular velocities of clouds remain constant out as far as can be measured. By Newton’s

law,

GM(r) v?
= — 3.12
= (312
it implies the density distribution
1 .
p(r) = — (3.13)
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at large radius so that M(r) o< r. If the mass of the galaxy is all concentrated in luminous
matter, one then expects the circular velocity v, behaves as  r'/2. However, this is not
seen at all. Another example is the rotation curve of galaxy NGC3198 [?], which implies
Y > 30h My /Lg, Qpao > 0.017. The discrepancy between this number and €y,,,, is found
in many external galaxies and is the strongest evidence that a big fraction of the mass in
the galaxy is contained in a dark halo.

3.1.3 Dark Matter Candidates

The inconsistency between the estimates of the mass directly related to luminous mat-
ter and the mass inferred from the dynamical consideration has implied the Universe is
predominantly made up of dark matter in some forms. The inconsistency between Big
Bang Nucleosynthesis constraint (??) and Eq. (??) shows that dark matter might be
non-baryonic. So far, some dark matter candidates, both baryonic and non-baryonic, are
popularly accepted.

Most of the baryons are in the hot, intracluster gas which glows in X-rays around
clusters [?]. The gas outweighs stars by around 10 to 1. However, only about 5% of
galaxies are in great clusters of galaxies [?]. Another principal baryonic candidate is the
MAssive Compact Halo Object (MACHO) class of candidates [?, ?], which include brown
dwarfs, white dwarfs, neutron stars, planetary-type objects and Jupiter-like objects. Using
microlensing effort, which is based on the fact of the light deflection when a compact
massive object lies near the line of sight to the background star, several experimental
groups have reported some MACHO events by monitoring millions of stars in the Large
Magellanic Cloud Galaxy in our Milky Way or our Galactic bulge: groups of SCP [?, ?],
EROS [?] and MACHO [?], by undertaking the search for microlensing in the Large
Magellanic Cloud Galaxy and groups of SCP [?], OGLE [?] and DUO [?], by observing
the microlensing in the Galactic bulge, have reported 3 to tens of MACHO events. These
MACHOs are reported to contribute a fraction of 0.1-0.5 to our Galaxy’s halo mass.

Among the non-baryonic dark matter candidates, two classes are distinguished by
whether they were created in large quantity, thermally or non-thermally, in the phase
transition during the Early Universe: Axion [?], which is created non-thermally, arises
in the solution of the strong CP-problem in QCD; Weakly Interacting Massive Particle
(WIMP) [?], which is created thermally, arises in supersymmetric extension of Standard
Model. In addition, particle dark matter like massive neutrinos from the case of neutrino
oscillations presented by the SuperKamiokande Collaboration [?], based upon the direc-
tion dependent deficit of atmospheric muon neutrinos, is also proposed. In AMS-related
search for dark matter [?], the attention focuses on such supersymmetric particles.

Supersymmetry (SUSY) models suggest /require the existence of a new multiplicatively
conserved quantum number, R-parity [?], in which, each ordinary particle is assigned
R = +1, and each supersymmetric partner (superpartner) is assigned R = —1. This
quantum number implies that supersymmetric particles must be created or destroyed in
pairs, and then guarantee that lightest supersymmetric particles (LSP), or say, neutralino
X, are absolutely stable. So, if SUSY exists and R-parity is conserved, some LSPs should
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Figure 3.3: Rotation curve for the spiral galazy NGC6503 [?]. The points are the measured
circular rotation velocities as a function of distance from the centre of the galaxy. The
dashed and dotted curves are the contribution to the rotational velocity due to the observed
disk and gas, respectively. The dot-dash curve is the contribution from the dark halo.
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Figure 3.4: Scatter plot of relic neutralino density versus neutralino mass for the set of
SUSY models [?]. Models between the lines at Q,h* = 0.025 and Q,h* =1 are compatible

with neutralino dark matter.
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exist from the Early Universe.

If WIMPs do populate the Galactic halo, they could be detected directly or indirectly.
The idea of the direct detection of WIMPs is based on WIMPs elastically scattering
off nuclei in the detector [?]. Once the SUSY model parameters are chosen, the elastic
scattering cross section and also the event rate in the detector can be calculated [?].
When a WIMP scatters off a nucleus, the nucleus recoils, causing perturbations in the
crystal lattice (phonons or heat), and also the ionisation. The principal difficulties of
the direct detection of WIMPs are the fact that the events are quite rare and there
exists a huge amount of background which can also deposit energy in the nucleus in the
detector. So, the most important work for the experiments is to increase the scattering
rate and to discriminate the nuclear recoil signal from the background. For this reason,
the experiments are frequently performed by increasing the mass of the detector in order
to increase the scattering rate and, the detectors are generally operated deep underground
at mini-Kelvin temperature and heavily shielded. The majority of the background comes
from gamma rays which would deposit a great fraction of their energy in ionisation while
the WIMPs signals are nuclear recoils which deposit the energy in the form of phonons or
heat. Thus in experiments, by simultaneously measuring the energy deposited in heat and
the energy deposited in ionisation, it is possible to discriminate around 99% of background
of gamma rays.

The idea of the indirect detection of WIMPs is based on the conjecture that WIMPs
might occasionally elastically scatter off nuclei in the Sun or the Earth [?, ?]. They
then would occasionally lose enough energy, or change their direction of motion, to be-
come gravitationally captured by the Sun or the Earth. The captured WIMPs in the
bent orbits would repeatedly intersect the Sun or the Earth, resulting in the eventually
settling of these WIMPs into the core. As the number density increases over time, the
self-annihilating rate of xx — vv would increase too, resulting in a stream of neutrinos
produced in the core. Neutrinos can easily escape the core and are detectable on the
Earth. The properties of very high energy and minority in number make these neutrinos
distinguishable from the solar neutrinos. Another important indirect detection of WIMPs
is based on neutralino as Majorana particle [?] equivalent to its antiparticle. Two neu-
tralinos can then annihilate into quarks, gluons, gauge boson, Higgs bosons or leptons.
These particles will decay into some stable ordinary particles such as p , et and ~. For
the issue of the direct and indirect detections of supersymmetric dark matter, details can

be found in [?].

Given a SUSY model, the cross section for neutralino annihilation to lighter particles
can be calculated. One can obtain the cosmological mass of dark matter [?]

0 - MyNy 10726 ¢cm™2 sec™! (3 14)
o Pec N <ov > '

where o is the thermally averaged cross section for two neutralinos to annihilate into
ordinary particles, v is the neutralino velocity in the Galactic halo, n, is the x number
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density, coming from the solution of Boltzmann equation in the Early Universe [?]

dnx

T —3Hn, —ni <ov>(xx— ff) —{—nf< <ov>(ff—= xx) (3.15)

where H is the Hubble constant. The third term at the right hand side is the increase
term due to particle production and can be simplified by quoting the fact that the ordi-
nary particles such as quarks and electrons stay in thermal equilibrium throughout the
evolution period during which, n, freezes out [?]. So, if thermal equilibrium is reached,
Eq. (??) is then reduced to a more useful equation

dn

il = —3an — (n2 — (neq)Q) < OV >gannihilation (316)

X X

It has to be noted that the Global-SUSY model provides a vast region of neutralino relic
abundance for different masses [?]. Figure ?? shows the relic neutralino density relative
to neutralino mass. As shown in the figure, a great deal of SUSY models give neutralino
relative density with 0.025 < Q,k* < 1, being compatible with neutralino dark matter.
*e~ annihilation at Large Electron Positron Collider (LEP) combined with
the cosmological constraints has given a lower limit on the mass of neutralino y [?]

Data from e

my > 21.4  GeV (3.17)

Another categorisation scheme of dark matter is the hot or cold classification, de-
pending on their mean velocities when they decouple from thermal equilibrium. This
categorisation is important for structure formation and there is the possibility to deter-
mine whether the dark matter is hot or cold from the studies of the galaxy formation.
Primordial black holes (PBHs) for example, can be the MACHO candidates and also the
tracers of the Cold Dark Matter [?] that have produced part of the large structure.

3.2 Characteristic and Origin of Cosmic Antiprotons

Cosmic antiprotons have been carefully studied, both theoretically and experimen-
tally. The first experimental evidence of cosmic antiprotons dates from the 1970’s from
balloon-borne experiments. Antiprotons detected at that time were speculated to origi-
nate from an anti-Universe.? Today, it is already clear that most cosmic antiprotons are
galactic secondaries. In addition to the galactic origin, other possible sources, such as
supersymmetric dark matter and primordial black holes are also proposed.

The distinctive spectral shape of antiprotons with a maximum at 2 GeV and a sharp
decrease towards lower energies makes antiprotons a unique probe of the models for the
production source and also the mechanism, in the window at energies £ < 1 GeV, and

2Since antiprotons can be produced in nuclear collisions while antihelium nuclei have never been seen
in nuclear interactions, the study of the remnant from the anti-Universe is the search for antihelium nuclei
rather than antiprotons.
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also the propagation condition in the Galaxy and modulation in the heliosphere [?, ?, 7,
2,007

Antiproton measurements are quite important because these particles are mostly sec-
ondarily produced from the interactions of cosmic ray protons. On the other hand, most
of our knowledge on cosmic ray history comes from the studies of secondary nuclei such
as Li, Be, B [?, ?], and sub-iron elements [?] whose heavy nucleus parents have not nec-
essarily had the same history as the much more plentiful protons. Positrons could serve
as tracers of proton cosmic history since they come from, mostly p-interactions. However,
the positron spectrum is easily distorted by electromagnetic interactions subsequent to
their creation. Thus, antiprotons provide a unique channel for the study of proton cos-
mic history. In addition, the kinematics of antiproton production greatly suppresses the
creation of antiprotons in the low energy range so that their expected spectrum differs
evidently from the slowly changing power laws of other cosmic ray particles [?]. So, the
antiproton spectrum should behave sensitively to energy changing stochastic processes
which might act upon the cosmic particles during the propagation in interplanetary and
interstellar region [?].

3.2.1 p from Interaction Production in ISM

Galactic antiprotons are predominantly produced by standard nuclear interactions of
cosmic ray nuclei, mostly protons, with nuclei in the ISM. In order to study the possible
exotic sources of cosmic antiprotons, accurate measurement of the p spectrum, especially
at low energies, about 100 MeV to 10 GeV, is mandatory [?]. This requirement should be
achieved in the near future by the forthcoming experiments like AMS, BESS, CAPRICE,
PAMELA, LEAP, etc.

In addition, it is also necessary to theoretically and accurately evaluate the p spectrum
in the required energy range. So, a more refined treatment of the diffusion of cosmic rays
in the magnetic fields of the Galaxy has to be taken into account. Nowadays, there has
already been great progress in such a consideration [?]:

e The inelastic non-annihilation cross section for p-induced collisions has been devel-
oped [?, 7, ?] and has given rise to the so called "tertiary contribution”.

e p+ Hersyr — p contribution has been considered by means of a geometric approach

[7].
e The reacceleration of cosmic ray propagation has been taken into account [?, ?].

e The propagation of cosmic rays has been modelled in a more realistic two-zone
diffusion model [?, ?].

e The reactions of cosmic p and He with p and He in the ISM have been re-estimated
in a more complete nuclear Monte Carlo simulation [?].
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As discussed in Section ?? for cosmic ray propagation, there doesn’t exist a model
which can solve all cosmic ray problems. So, one can only choose either an easy-to-solve
but less physical model, e.g., the Leaky Box Model, or a more physical but complicated
model, e.g., the Diffusion Model. For the purpose of evaluating the galactic p spectrum
as accurately as possible, one should apply the most realistic physical model. Even so,
however, such a model is still coupled with an apparent uncertainty [?,?, 7, ?, 7 ?] since
the real physics in the system being treated is still not well known. The origin of the
uncertainty can be itemised as follows:

e The propagation parameters are not yet well known. For example, the actual dif-
fusion coefficient of cosmic ray propagation in Eq. (??) is not perfectly understood.
It is reported [?] that the propagation parameters are severely constrained by the
analysis of B/C ratio experimental results. Nevertheless, the B/C ratio itself is of
great uncertainty [?, ?].

e Even the p production from p+p collisions [?, 7, ?] and p+ A collisions [?,?, 7,27, ?] is
well measured and the p production cross section and its mean multiplicity for both
types of reaction are well parametrised [?, ?], the p production from A+ A collisions,
especially from He + He collisions which are important for galactic antiprotons, is,
however, not yet clearly understood.

e The material composition of p and He in the ISM is not really well understood.
The number density in the ISM is nysy = ng +nge ~ 1 cm™3. The He to the ISM
number density ratio ny./nrsy is usually assumed as 0.1. By scanning the variation
of nysar and ny./nrsay [?], it is reported that the uncertainty of p spectrum due to
the material composition in the ISM principally comes from the uncertainty in ng.:
10% uncertainty in ng./nysy will lead to a few percent error in the p spectrum over
the entire energy range.

e As discussed in Section ??, the cosmic ray spectra at low energies are strongly
influenced by the solar modulation. Definitely, one can modulate cosmic ray spectra
using Eq. (??) discussed in Section ??, this equation is, however, over simplified
since the phenomenon of diffusion and convection within the heliosphere is quite
complicated in reality. The only way to avoid the solar modulation is to measure
the low energy p spectrum outside the heliosphere. The planned interstellar probe
described in [?] could make such an experiment possible. This probe is expected to
leave the Solar System at a velocity 20 AU /yr and to reach a region free of the solar
magnetic field influence within 5-10 years. So, an exact measurement of absolute
cosmic antiprotons is expected to be available in the near future.

3.2.2 p from Annihilation of Supersymmetric Dark Matter

Antiproton is one of the expected annihilation products of two self-annihilating neu-
tralinos. In evaluating the p contribution from neutralino annihilation, a typical treatment
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is to take into account the contribution in the antiproton energy spectrum from a single
xx-annihilation and the p in the diffusion equation (??) and then perform the integration
over the whole Galactic halo [?]. The differential rate (per unit volume per second) for
the p production due to a single yx-annihilation is given by [?]

2
() =< 70 > £(5) (£ (3.15)
My
where Ej; is the antiproton energy, o is the yxy-annihilation cross section and v is the
neutralino velocity in the Galactic halo, p, is the neutralino density and f(F;) is the
antiproton energy spectrum for a single annihilation give as [?]

o= () g (B) o

where F' is the yy-annihilation final state and B)(f;) is the branching ratio into the quarks

or gluons f in the channel F', and the differential distribution of the antiprotons generated
by the hadronisation of quarks and of gluons is given by ng/dEﬁ.

It has to be noted that in Eq. (??), both the branching ratio B}F) and the distribution
ng/dEﬁ depend on the nature of the species f. In evaluating the p spectrum in a
yx-annihilation, one has to calculate all annihilation final states, even those possible
intermediate products such as gauge bosons Z°Z° W+W~, Higgs bosons H'H®, HT H~
and top quarks ¢¢. Such a work is laborious but could be achieved with Lund Monte Carlo

programmes [?, ?].
The neutralino density p, is also a challenge to deal with. Generally, the neutralino
halo distribution is assumed spherically symmetric. The density profile is then given as

7]

2 2
rpta a9
P (1) = px(©) (r2 + a2) (3.20)
where r is the radius, ro ~ 8.5 Kpc is the distance between the Sun from the Galactic
centre, a is the core radius of the halo and p,(©®) is the local neutralino halo density, i.e.,
the density near the Sun. Such a halo would give rise to a rotation curve [?]

‘Uz(T') = 47erX(®)(r(2J + a2) [1 — gtan_l <£>] (3.21)
where (7 is Newton’s constant. p,(®) and a in Eq. (?7?) are then determined by the rota-
tion velocities of two points in the halo. According to Fig. ??, at r > 10 Kpc, the halo ve-
locity vs ~ 220 km sec™". But, the local halo rotation curve is uncertain since there is the
disk contribution. Nevertheless, the local halo density with p,(®) ~ 0.3-0.5 GeV cm™®
is expectedly reasonable [?].

Moreover, there could be a supermassive black hole, with a mass of about 2.6 x 10 M,
at the centre of our Galaxy [?]. This superheavy black hole would much more largely
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accumulate dark matter within the Galactic halo, enhancing the neutralino density p, in
Eq. (??) with a power law as

Py X T, a~0.0~2.0 (3.22)

The existence of such a supermassive black hole at the Galactic centre will aggravate the
annihilation rate of neutralinos, weighing the p production from this origin.

3.2.3 p from Evaporation of Primordial Black Holes
A primordial black hole (PBH) is a black hole which formed during the Early Universe.

In Standard Cosmology, a black hole forms because of self-gravitational collapse to within
its Schwarzschild radius [?]. However, a primordial black hole forms in a different way.

In 1971, Hawking [?] published an article in which he showed that, in the Early Uni-
verse, fluctuations in the density of energy in regions could cause those regions to collapse
to within their Schwarzschild radii and thus form black holes. Soon later, by Inflationary
Cosmology [?, ?], another theory for the formation of PBHs in a period of inflation was
introduced. The Inflation Theory states that the Universe underwent a very short period
of very rapid expansion. During such an inflationary epoch, the energy density of the
Universe would probably decrease dramatically, resulting in a possible but not absolutely
necessary cosmological phase transition. When a cosmological phase transition occurred,
it would cause some irregularities, which have been referred to as bubbles of broken sym-
metry [?]: if a phase transition is to produce PBHs, the production rate of these bubbles
needs to be finely tuned; if the production is too high, the entire Universe will undergo a
phase transition otherwise the bubbles will never collide if the rate is too low. In addition
to the above two ways of formation of PBH, the formation of PBHs from the collapse, or
the topological deflection, of cosmic strings in the Early Universe was also raised [?].

If a black hole exists, there should be some related observable evidences. Hawking
[?, ?] first showed that a black hole could evaporate or emit particles, called Hawking
Radiation nowadays, by quantum effects with an equivalent temperature, which is called
Hawking temperature

he?

M
T=———
STGME

-1
~ 1.06 x 103 (-) GeV (3.23)
g

with GG the gravitational constant and & the Boltzmann constant, thus noting that PBHs
are the only ones with a mass small enough for the quantum emission rate to be significant,
possibly yielding an observable effect.

The existence of PBHs has been applied in a variety of cosmological interests. PBHs
are supposed to have heated the Early Universe by means of accretion, or have caused
the formation of at least some of the galaxies or clusters observable today [?]. PBHs are
also speculated to have formed in Inflationary Cosmology as MACHOs that have caused
the gravitational microlensing effect of observations [?]. PBHs might be part of large
scale structure formation of cold dark matter (CDM) [?], playing as the tracers for the
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cold dark matter in the Galactic halo. As an ultimate irregularity /singularity formed in
the Early Universe, PBHs are also believed to contribute the irregularities of the current
Universe [?], likely forming the core of some galaxies.

Another important issue about PBHs is that, PBHs might have contributed to the
cosmic radiation [?, ?, ?]. This radiation is the result of the evaporation of the black
holes. An evaporating black hole captures one particle from a particle-antiparticle pair
production taking place in its ergosphere, emitting the other as radiation. This process is
completely a quantum effect. Among the particles emitted from black holes are photons,
neutrinos, electrons and gravitons. And, when the black hole temperature increases, or
the black hole mass decreases, heavier particles like hadrons might also be emitted. This
emission results from the direct production of fundamental constituents and also from the
hadronisation of quarks and gluons.

Although the average density of PBHs in the Universe is quite small, Qpgy < 1073
[?], their signature in the spectra of some interested cosmic particles is not small at all.
MacGibbon and Carr [?] first noticed that the emissions from PBHs might significantly
contribute to the extragalactic photon and interstellar cosmic ray electron and positron
spectra around 0.1-1 GeV. The v spectrum in the energy range about 50-170 MeV fits well
such PBH emission. In addition, the expected flux of antiprotons from PBH evaporation
has been shown to increase with decreasing kinetic energy down to 0.2 GeV [?], thus
providing a distinct signature below 1 GeV. Hence, searches for such low energy cosmic
antiprotons can lead to some cosmological constrains on the density of PBHs and, in the
mean time, demonstrate their existence as well. PBHs might also be one of the possible
origins of extremely high energy cosmic rays [?], over an energy threshold about 10%° eV.

The p spectrum contributed by PBHs is determined by the properties of the black
hole evaporation. The emission spectrum for a charge free, nonrotating black hole with
a mass M, which emits particles with spin s and with total energy in an energy interval

(E,E 4+ dF), is given as [?]

d'n _ T, [eXp ( b ) - (—1)25]_1 (3.24)

dtdE ~ 27h kT

where T' is the black hole temperature defined in Eq. (??), I, is the dimensionless absorp-
tion probability for the emitted species, with an optical limit (i.e., with energy £ — o0)
given as [?]

27E?
s N 3.25
64m2(kT)? (3:25)
Considering all possible species emitted, the corresponding mass loss rate for a black hole
can be described as [?]

dM

— 53 % 107 f(M) (%)_ (g/sec) (3.26)

where f(M) is a function of the number of emitted species that is normalised to unity for
large M, M > 10'7 g, and increases with decreasing M. Following Eq. (??), there is a
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critical mass for a black hole
tBH 1/3
M, ~53 x 10" <t—) (3.27)

in which, the critical mass of a black hole is defined as the initial mass of a black hole
that is expiring today, in other words, its initial lifetime ¢gy is the same as the current
age of the Universe ¢,. For a black hole with an initial mass below its critical mass, it
must have had completely evaporated out by today.

Eq. (??) gives the production rate of species in function of species energy at a tem-
perature T'. For each species j, a differential fragmentation function dg](aj)(Eﬁ7 E)/dE; is
defined as the fragmentation of each emitted species 7 with total energy F into antiprotons
with total energy F; and can be computed by Monte Carlo simulation code JETSET [?].
So, the contribution of PBHs to the p spectrum is then calculated by applying Eq. (?7)

onto dg( )

2 (Es, E)/dE5, summing over all species and all their degrees of freedom.

3.2.4 Comments on Cosmic Antiprotons

In summary, cosmic ray induced antiprotons as a principal background are mainly
generated through p+ p — p+ X collisions of cosmic protons with the [SM. The strategy
to search for the exotic signals of antiprotons is to investigate the p spectrum in the low
energy region, since the neutralino-induced or PBH-induced component doesn’t drop fast
at low energies [?, 7, 7, ?]. Figure ?? shows separately the p spectra from 3 sources: the
interstellar source [?], the supersymmetric dark matter annihilation with m,= 62 GeV
[?] and the the evaporation of primordial black holes [?].

It is clear enough from Figure ?? that, the hope of identifying antiprotons from exotic
sources lies in the energy range £/ < 1 GeV. However, such a distinguishing spectrum shape
will be blurred to a large extent by a tertiary component, resulting from the scattering
of the secondary antiprotons with energy loss [?]. In addition, antiprotons produced
from the collisions between heavier nuclei in the ISM, mostly primary helium nuclei, will
also cause a significant p flux at low energies as well [?]. Figure ?? [?] shows the total
spectrum together with its estimated individual components. As shown in this figure, the
contribution from p + He collisions and tertiary has flattened the shape of p spectrum
at energies I/ < 1 GeV. This would definitely increase the challenge but the solution of
the search for antiproton exotic sources is none but over there. On the contrary, if there
exists a supermassive black hole at the centre of our Galaxy, the p spectrum component
from the neutralino annihilation will be increased, making the resultant p spectrum at
low energies even more distinctive. The precise measurement of p spectrum at low energy
range could set good upper limits to these exotic sources or, even rule out their existence.
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Figure 3.5: Antiprotons from three regimes: galactic secondaries [?], neutralino annihila-
tion with my,= 62 GeV [?] and evaporation of primordial black holes [?] respectively.
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Figure 3.6: The galactic antiproton flux and its indiwidual contributions from p+p, p+
He collisions and tertiary [?]. The shadow embedding the total galactic p flux is the
uncertainty due to the parametrisation of the primary proton spectrum.
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Chapter 4

Particle Detection and Experiments

A particle detector is designed to determine the physical properties of a particle based
on some well developed physical theories. The ability of a detector is required to produce
good resolutions in order to distinguish the particles from each other. A better resolution
requires more advanced and mature detector techniques. No single detector can give all
the physical properties of a particle thus in modern particle experiments, more than one
detector are often arranged altogether in order to perform multiple measurements at the
same time. Some properties are not determined directly. For example, the mass of a
particle is not directly measured but determined from the measurements of velocity (3
and momentum p via

(4.1)

thus giving the mass resolution

() _ (B9 (9P e
2 p? ﬁ4(1 _ ﬁz)z )
So, the resolution of a value determined in this way is reduced.

In this chapter, the physics of particle detectors is reviewed. The experiments which
are related to and are applied to test the results of this work are introduced and discussed.
Comments are given along with the context in each section.

m

4.1 Measurement Methodology: Particle Interactions
in Matter

Our knowledge of the subnuclear and nuclear world comes from the study of the in-
teractions between particles and nuclei. The nature (mass, charge, momentum, spin,
etc.) of the interacting particles created in these processes, their angular and energy
distribution and the polarisation are measured by appropriate detectors. The detection
of nuclear particles depends on the fact that, directly or indirectly, they transfer energy
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to the medium they are traversing in the processes of ionisation or the excitation of the
constituent atoms in the medium. This can be observed as charged ions, for example in
a gas counter, or as a results of the scintillation light, Cerenkov radiation, etc., which is
subsequently emitted. This information could be obtained principally in three ways: (a)
by receiving a signal which is produced when the particles pass through a medium; (b)
by passing the particles through an electromagnetic field and observing either directly or
indirectly their trajectories; (c) by revealing the particles through the detection of the
characteristic radiation they emit and of the variation with time of the rate of emission
of this radiation. The methodology will be discussed in the following sections.

4.1.1 Ionisation Loss of Charged Particles

When a charged particle passes through matter, it loses energy by interactions with
the atoms in the medium and as a result, they might be excited or ionised. lonisation
energy losses are very important for all charged particles in their passage and for particles
other than electrons and positrons, for example, such energy losses would dominate over
radiation energy losses at all but the highest attainable energy levels. The theory of such
losses, which are predominantly due to Coulomb scattering from the atomic electrons,
was given by Bethe and Bloch [?]

2 4 . 2722
dE _ z%e'N, (ln Zmeclﬂ v 8 M) (4.3)

dr 4megmv? 2

where N, is the number density of electron, m. is the electron mass, z and v are the
charge (in unit of €) and the velocity of the particle, 8 = v/¢, and z is the distance the
particle has travelled in the medium. More frequently, it is convenient to describe this
energy loss in terms of path length, £, such that £ = px where p is the mass density of
the medium. So, Eq. (??) then changes to

dE 1dE et N, 2m.c? 3%y? )
B L A N\ s e W B 1)) (4.4)
d¢ pdr  Amegm.v? p I 2

The path length ¢ in the medium is measured in g em™2 or kg m™2. The quantity [ is an
effective ionisation potential, averaged over all electrons, with an approximate magnitude
I = 10Z eV. §(y) is a dielectric screening correction and is important only for highly
relativistic particles, for which, it is given by [?]

1

%hl]%%—lnﬂ’y—ﬁ (4.5)

N &

with

hw, = 28.816y/p(Z/A) €V (4.6)

where p is in unit of g/cm®, Z and A are the atomic charge and the atomic weight of the
medium respectively.
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Equation (??) shows that the energy loss dE/dz is independent of the mass M of the
particle which passes through the medium but varies as a function of 1/32, falling rapidly
as the velocity increases from zero. However, after passing through a region of minimum
ionisation for £ ~ 3 M¢?, it increases logarithmically with v = E/Mc? = (1 — g*)~4/2,
As seen in Eq. (??) too, the magnitude of the energy loss also depends on the medium
since N, is given by

N. = pNoZ/A (4.7)

where Ny is Avogadro’s number. Thus, the mean energy loss is proportional to the
density of the medium. However, the dependence on the medium is relatively weak
since Z/A = 0.5 for all atoms except hydrogen and the heaviest elements. Numerically,
(dE /d) iy for all particles spans over a range from 1 to several MeV cm?/g.

The Bethe-Bloch formula for ionisation losses in Eq. (??) has three important uses in
astrophysics that are itemised as follows.

(i) This formula provides one of the most important techniques by which particle di-
agnostics can be carried out in experimental studies of high energy particles while
the ionisation is one of main processes in the propagation of the cosmic ray parti-
cles. In most particle physics and astrophysics detectors, it is applied to identify
the particles passing through the detectors and their kinematics as well.

(ii) The losses will be very important as particles make their journey from their sources

through ISM.

(iii) The heating and ionisation caused by high energy particles will be important in the
heating and ionisation of molecular clouds [?].

Figure ?? shows the observed relativistic rise in ionisation loss as a function of momen-
tum p (GeV/c) for relativistic particles, e, p, 7, K, p and D, in a gas (argon-methane
mixture). For v ~ 20, 140, 190 and 40 for p, m, p and D respectively, the energy losses
reach about 1.3 times their minimum values. The relativistic rise is associated with the
fact that transverse electric field of the particles is proportional to 7, so that more and
more distant collisions became important as the energy increases. Eventually however,
when the impact parameter becomes comparable to the interatomic distances, polarisa-
tion effects in the medium halt any further increase. Such effects are important in solids at
a much lower value of v ~ 10, and this plateau value is about 10% larger than (dE/d€) i
[?]. Part of the energy loss of a relativistic particle may be reemitted from the excited
atoms in the form of coherent radiation at a particular angle. Such radiation is called
Cerenkov radiation.

The bulk of the energy loss results in the formation of ion pairs (positive ions and
electrons) in the medium. One can distinguish two stages in this process. In the first
stage, the incident particle produces primary ionisation in atomic collisions. The electrons
collided out in this stage have a distribution in energy E’ roughly of the form dE'/(E")%.
Those of higher energy, called §-rays, can produce new ions in traversing the medium.
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This process is called secondary ionisation. Thus, the resultant total number of ion pairs
is then 3-4 times the number of primary ionisations and is proportional to the energy loss
of the incident particle in the medium. Note that formula (??) is the average value of
the energy loss dE in the thickness dx. However, there are still some fluctuations around
the mean value, dominated by the relatively small number of closed primary collisions.
This is called Landau distribution around the mean value and is asymmetric, with a tail
extending to values much greater than the average. However, these tails could be removed
by sampling the number of ion pairs produced in the successive layers of gas and the mean
ionisation energy loss can be then measured with a good precision.
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Figure 4.1: PEP4/9-TPC dE/dx measurements (185 samples @8.5 atm Ar-CHy 80-20%)
in multihadron events [?]. The lines are the theoretical derivations. The electrons reach a
Fermi plateau value of 1.4 times minimum. Muons from pion decays are separated from
pions at low momentum; 7/ K are separated over all momenta except in the cross-over
region. (Low-momentum protons and deuterons originate from hadron-nucleus collisions
in inner materials such as the beam pipe.)

4.1.2 Coulomb Scattering

A charged particle suffers electromagnetic interaction with both electrons and nuclei
when passing through a medium. In Eq. (??), dE/d¢ corresponds to the target mass of
the medium. Thus, in comparison with electrons, the energy loss in Coulomb collisions
with nuclei is negligible. However, transverse scattering of the particle appears to be
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appreciable when the target mass is large. The differential cross section at a scattering
angle @ for this transverse scattering is described by Rutherford formula

dflg) N i <47360>2 (Z;UeQ) sin4(19/2) (4.8)

where p, v and z are the momentum, velocity and charge of the incident particle, Z is

the charge of the nucleus but is assumed to act as a point charge. The cross section for
small scattering angles is large so that in any given layer of medium, the net scattering is
the resultant of a large number of small deviations, which are independent of each other.
The resultant distribution in the net angle of multiple scattering follows a quasi-Gaussian
distribution

Py = 22 exp( i )cw (19)
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in which, the root-mean-square deflection in a layer ¢ of the medium is given by [?]
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where

E, = VAram.c

(4.11)

In Eq. (??), a is the fine structure constant, a=e*/4reghe, and re=e* /m.c? is the classical
electron radius. The quantity Xg is called the radiation length of the medium, and
incorporates all the dependence of ¢,,s on the medium in Eq. (??). Numerically, the
rms angular deflection will be azimuthally symmetric about the trajectory of a particle
while along one axis in the plane normal to the trajectory, it is 1/4/2 times the value in
Eq. (77).

Coulomb scattering is of practical importance because it constrains the precision with
which, the direction of a particle can be determined. For example, considers a high energy
charged particle passing through a magnetic field B. If there is no scattering, and the

momentum of the particle doesn’t change appreciably during the passage, the radius of

_ _pc
~ [BJe

curvature p is then given by p
then

. Thus after traversing a distance s, the deflection is

s |Bles
quag = — = )
p o pe

(4.12)

From Eq. (??), the rms Coulomb scattering in the plane of the trajectory will be

E, S .
qbscat = m\/)(:o (413)
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So that, the ratio between Eq. (??) and (??) then becomes

ODscat 0.05

Pmag  |B|BVXos
which is independent of the momentum for a relativistic particle (8 ~ 1). Numerically
for example, for iron, Xo=13.9 g/cm?®, Xo/p=0.0176 m, and take |B|=1.5 Tesla, then, the

ratio dscat/Pmag ~ 0.25 for s=1 m, but this ratio drops to 0.10 when s=6 m. Some other
examples can be obtained from Table ?7.

(4.14)

4.1.3 Radiation Energy Loss

When a charged particle traverses matter, it can also lose energy by radiative collisions,
especially with nuclei. The electric field of a nucleus will accelerate or decelerate the par-
ticles when they pass, causing them to radiate photons and then lose energy. Such a
process is called bremsstrahlung (literally 'braking radiation’ in German) and is a partic-
ularly important contribution to the energy loss of electrons and positrons. So, electrons
suffer energy losses when passing through the medium in two ways: one is the ionisation
energy loss in Eq. (??),! the other bremsstrahlung.

Bremsstrahlung is extremely important in different astrophysical contexts. Wherever
there is a region of hot ionised gas in the Universe, it will emit free-free radiation or
bremsstrahlung. Some of the astrophysical applications include the radio emission from
compact regions of ionised hydrogen at temperature 7' ~ 10*K, the X-ray emission of
binary X-ray sources for which 7'~ 107K and the diffuse X-ray emission from the hot
intergalactic gas in clusters of galaxies, which might be as hot as 7'~ 10®°K. In addition,
in Section ??, bremsstrahlung is also a mechanism for relativistic electrons which plays a
key role in electromagnetic cascade in cosmic rays.

4

A A

Figure 4.2: The dominant Feynman diagrams for the bremsstrahlung process

et (Z,A) = e 47+ (7, A)
The dominant Feynman diagrams for electron bremsstrahlung in the field of nucleus

e +(Z,A)—=e +7+(4,A) (4.15)

!The formula of ionisation energy loss in (?7) is for bosons. However, the corresponding formula for
fermions differs very slightly.
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are shown in Figure ??. The proper formula derived by Bethe and Heitler from the full
relativistic quantum treatment is [?]

dFE Z(Z +1.3)e°N, [ ( 183 ) 1]
== Elln | —=— — 4.16
( dt ) 16m3egm2cth BVAE * 8 (1.16)

All the symbols are as defined as before. The term (7 +1.3) comes from taking account of
electron-electron interactions between the high energy electron and those bound to atoms
of the ambient material.

Shown in Eq. (??), the relativistic bremsstrahlung energy loss rate is proportional to
the energy of the electron K. Thus, by integrating over the whole spectrum, the average
rate of bremsstrahlung energy loss in traversing a path length d¢ of a medium can be

eXpresses as
dE E
_ 2= S — 4.17
( df )rad XO ( )

where Xg, the radiation length, is defined in Eq. (??). From Eq. (??) therefore, the
average energy of a beam of electrons of initial energy K, after traversing a path length
€ in a medium, will be

< E >= Fgexp(—¢/Xo) (4.18)

Thus, the radiation length Xy can be also defined simply as that path length the particles
have travelled in the medium that would reduce the mean energy of a beam of electrons
by a factor of e.

In Eq. (??) and Figure ??, it is evident that the rate of ionisation energy loss beyond
the minimum value is proportional to the logarithm of the energy. In addition, such
contribution of energy loss is approximately constant for high energy electrons. So, at
high energies, bremsstrahlung dominates the energy loss. The energy, at which, these two

interaction processes for electrons lead to equal energy losses, is defined as critical energy
E. and can be derived by combining Eq. (?7), (??) and (??) as [?]

B~ 20 ey (4.19)

VA
Table ?? lists the numerical data of the radiation lengths and the critical energies for
some certain materials with electrons as the incident particles [?, ?]. It is easy to find
that the radiation length and the critical energy as well, scale as the square of the mass
of the incident particles. Thus, for other light particles, for example, muons g, in medium

A, it has
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Table 4.1: The radiation length Xq and the critical energy E. for some various absorber
materials with electrons as the incident particles [?, ?].

Material Z A Xy (g/ch) Xo/p (cm) E. (MeV)
Hydrogen 1 1.01 63 700000 350
Helium 2 4.00 94 530000 250
Lithium 3  6.94 83 156 180
Carbon 6 12.01 43 18.8 90
Nitrogen 7 14.01 38 30500 85
Oxygen 8 16.00 34 24000 75
Aluminum 13 26.98 24 8.9 40
Silicon 14 28.09 22 9.4 39
Iron 26  55.85 13.9 1.76 20.7
Copper 29 63.55 12.9 1.43 18.8
Lead 82 207.2 6.4 0.56 7.40
Air 7.3 144 37 30000 84
Si0O4 11.2  21.7 27 12 57
Water 7.5 14.2 36 36 83

4.1.4 Energy Loss by High Energy Photons in Matter

Processes which generate the interactions of high energy photons with atoms, nuclei
and electrons are divided into types of photoelectric effect, Rayleigh scattering (coher-
ent scattering), Compton scattering (incoherent scattering), photonuclear absorption and
electron-positron pair production. Interactions of photons are fundamentally different
from the ionisation processes of charged particles since in each photon interaction, the
photon is either completely absorbed (photoelectric effect, photonuclear absorption, pair-
production) or is scattered through a more or less large angle (Rayleigh effect, Compton
effect).

For astrophysical interest, these processes are very important in studying high energy
astrophysical phenomena, for example, the development of electron-photon cascades in
which high energy electrons enter the atmosphere or in a particle detector. The arrival
of very high energy 7-rays at TOA gives rise to showers of extremely energetic electron-
positron pairs, in which, the produced pairs will afterwards generate Cerenkov radiation
which can be observed at ground level. Such a technique has provided the remarkable
evidence for ultrahigh energy v-rays from cosmic sources. In addition, these properties
meet very wide applicability in high energy astrophysics. Photoeletric absorption is found
in the spectra of most X-ray sources at £ < 1 KeV. Compton scattering appears numer-
ously from the processes which take place in stellar interiors, to the spectra of binary
X-ray sources and also the applications of inverse Compton scattering in objects involv-
ing intense radiation fields and high energy electrons. Pair production is bound to occur
whenever there is significant flux of high energy ~-rays and is proven by the detection of
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the 511 keV electron-positron annihilation line by observing the Galaxy.

Like charged particles, photons have a high probability of being absorbed or scattered
through large angles by the atoms in matter. It is then impossible to define exactly a
range for vy-rays. Statistically, a photon beam is approximately exponentially attenuated
in matter:

[ = Ipe™™ (4.21)

after traversing a length ¢ with an initial beam density /5. The mass absorption coefficient
i 1s related to the cross sections for the various interaction processes of photons that is
described as

N,
,u:Z,ui: onai (4.22)

where o; is the cross section for the process i, A is the atomic weight of the matter and
p is in unit of cm?/g.

??(a) Photoelectric Fffect

Photoelectric effect
v+ A AT+ e (4.23)

is one of the principal sources of opacity in stellar interior and stellar atmosphere. An
incident photon can eject an electron from the atom, ion, or molecule, if its energy is
greater than the binding energy of that electron, iw > E;. The remaining energy (hw-
Ey) then transfers to that electron as the kinetic energy. This process can continue until
hw < Ej. In evaluating the absorption cross section, the cross section from the electrons in
the K-shells (1s) of atoms is particularly important (/= 80% of the total cross section opg)
[?]. This results comes from the fact that, according to the momentum conservation law,
a photon cannot be completely absorbed by a free electron. The absorption of a photon
by an atomic electron then requires a third collision partner, the atomic nucleus itself.
So, the photon absorption by electrons in the K-shells of the atom is important because
the atomic nucleus takes the recoil momentum. Analytically, the absorption cross section
due to the ejection of electrons from the K-shells, o5, is evaluated from the quantum
theory of radiation [?]

2\ 7/2 12,3/2 75 7/2
K - 4.5 [ MeC e*m°Z (1) )
=4V?2 77| — = —— | — 4.24
OpE V20 rha ( ho ) 1922 r5¢hte \ha ( )
where « is the fine structure constant and o7y, is the Thomson cross section, o), = 87r?/3
= e*/6meamict

The cross section shown in Eq. (??) corresponds to the removal of two K-shell electrons
from the binding of the atom since both 1s electrons contribute to the opacity of the
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material. Apparently, Eq. (??) has a strong dependence upon the atomic number Z.
Thus, even though heavy elements are much less abundant than hydrogen, the effect
from the w~=7/? dependence and the Z> dependence shows that the rare heavy elements
in the stellar atmosphere or in the interstellar region make important contribution to
opg at hard ultraviolet and X-ray energy levels [?]. In addition, Eq. (??) can help
understand some characteristic features of X-ray absorption spectra observed in X-ray
sources. Each atom has a characteristic X-ray term diagram showing the energies of the
different stationary states (K, L, M, etc.) for the removal of an electron from within
an atom. Such information is of great importance in the construction of proportional
counters for the detections of X-rays since the photoelectric absorption spectra of the
detector gas and the window material determine the efficiency and the sensitivity of the
counter [?].

??(b) Compton Scattering

The Compton scattering describes the process that the incoming photons collide with
quasi-free stationary atomic electrons and transfer some of their energy and momentum
to the electrons.

yt+e = y+e” (4.25)

In the treatment of this interaction process, the binding energy of the electrons is ne-

glected. The relevant total cross section for Compton scattering per electron o%p is the
Klein-Nishina formula [?]

L+e\ [2(14+¢) 1 1 1+ 3¢
¢ = 2mr? < ) — —1In(1+2 —In(l 4+2¢) — ——— 4.26
TKN R { g2 [ 1+ 2¢ € n(l+2e)| + 2e n(l+ 2) (1+ 25)2} ( )

where e=hw/m.c?. In cases of low and high energy photons, Eq. (??) then reduces to

87
oxN ;7"2(1 —2e)=opp(l — 2e) = opy (e < 1) (4.27)
1 1 Ine
OkN = W?g(ln?e +5) HT (e >) (4.28)

So, Eq. (??) shows that the cross section decreases roughly as ¢! at the highest energies.

If the atom has Z electrons, there are exactly Z electrons that can scatter the photons.
So, the total cross section for Compton scattering, o4, is just Z times the o, Therefore,

ch=17-0%y (4.29)

In addition to Compton scattering, another process, inverse Compton scattering also
exists. In this case, the high energy electrons scatter low energy photons and transfer a
fraction of their energy to photons, which consequently are blue shifted to higher energies.
For example, radio, infrared or optical photons are scattered by very high energy electrons
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and then turn to X-ray or y-ray range. For this reason, the inverse Compton scattering is
a means of producing high energy photons in the celestial bodies or terrestrial accelerators.
Apparently, such a process is an inevitable drain of energy loss for high energy electrons
whenever they pass through a region with a large energy density of photons. Typically,
the energy loss rate of this process corresponds to v%y2.

Compton scattering also takes place between photons and other charged particle, say
the atomic nuclei. However, the atomic nuclei experience much less scattering than elec-
trons, roughly by a factor of (m./Ma)?* from Eq. (?7).

??(c) Pair Production

The production of electron-positron pairs
v+ (Z,A) = (Z,A)+e + et (4.30)

in the Coulomb field of a nucleus is only possible if the photon energy exceeds a cer-

tain threshold, which is given by twice the electron mass plus the recoil energy that is

transferred to the nucleus

2 m?

hw > 2m.c” + 2—=
2 + M,

¢ ~2m.c* (with My > m,) (4.31)

If, however, the electron-positron pair production proceeds in the Coulomb field of an
electron, then the threshold energy in Eq. (??) turns to be 4m.c*. So, electron-positron
pair production in the Coulomb field of an electron is strongly suppressed when compared
to that in the Coulomb field of the nucleus.

The results for electron-positron pair production cross section, 4., are given as fol-
lows.

Intermediate photon energies In the case of no screening, o, for photons with
energies in the range 1 < hw/m.c? < 1/aZ'/? is of the form [?]

28 2h 218
Opair = ozrgZ2 —In vy
9 27

] (m?/atom) (4.32)

m.c2

Ultrarelativistic limit  In the case of complete screening and for photons with en-
ergies hw/m.c? > 1/aZ?, 0,4 becomes [?]

28 183 2 N
Opair = ar- Z* [? In (W) — f] (m?/atom) (4.33)
Note that for large energy photons, the pair production cross section approaches an energy
independent value in Eq. (??). Further approximation can be reached by using definition

Xo in Eq. (?7).

7 183 7TA 1
Opair §4ar602Z2 ln< )

~ - 4.34
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Eq. (??) together with the definition of vy-ray attenuation coefficient in Eq. (??) will lead
to the attenuation for a beam of high energy photons with initial intensity Iy by pair
production after travelling a length ¢ in medium as

I = Iyexp (—%) (4.35)

which is the form applied to the electromagnetic cascades.

In summary, from Eq. (??), (??), (??) and (??), for the photon absorption in matter,
the photoelectric cross section varies with photon energy as 1/E7/?, the Compton cross
section as 1/ E and pair production cross section stay essentially constant for high energy
photons. Figure ?? shows the total and various mass attenuation coefficients defined in
Eq. (??). All values are calculated by running NIST (National Institute of Standards
and Technology ) XCOM: Photon Cross Sections Database in Physical Reference Data.
As shown in the figure, the mass attenuation coefficient depends strongly on the photon
energy. For low energies, F;,, < hw <100 KeV where F;,, is the ionisation energy, the
photoelectric effect dominates; in the range of medium energies, 0.1 MeV < hw < 10 MeV,
the Compton scattering dominates; at high energies, hw > 10 MeV, the pair production
extremely dominates even though its cross section is almost constant. At low energies,
Rayleigh scattering shows a more important contribution than Compton scattering but its
cross section is negligible because it is about 1072 of the cross section of the photoelectric
effect.

4.2 Measurement Methodology: Particle Detectors

One of the main purposes of some astrophysical experiments is the detection of parti-
cles produced in astrophysical nuclear interactions. This detection must be done with a
resolution sufficient enough to enable particles to be separated in both space and time in
order to determine which are associated with a particle event. In addition, it is necessary
to identify each particle and measure its momentum and velocity. Such performances
cannot be achieved by a single detector and in practice, experiments are using different
detectors in combination. The modern trend is to build large multicomponent detectors
that integrate many different sub-detectors in a single device. Such systems rely on fast
electronics and computer to monitor and control the sub-detectors and to coordinate,
classify and record the vast amount of information flowing in from different parts of the
apparatus.

In this section, the principles of detectors which are used in the related experiments
to this work is discussed.

4.2.1 Time Resolution: Scintillation Counter

Scintillation counters make use of the property of certain chemical compound which
emit short light pulses after excitation by the passage of charged particles. The light



4.2 Measurement Methodology: Particle Detectors 83

Photon Mass Attenuation Coefficient in Pb

~ 10°
> [
o - —— Total Attenuation with Coherent Scattering
E 3 —— Total Attenugtion without Coherent Scattering
~ 10°N\. = e Pair Production in Electron Field
E O Pair Production in Nuclear Field
E 0 NN\ e Photoelectric Absorption
Incoherent (Compton) Scattering
10 Coherent (Rayleigh) Scattering
=1
10
-3 r
10
-5
10
-7
10
—9o|
10
-1
10
=13
10 -
108l vl il il
10° 10?  ag! 1 10 ¢ e gt 10°
Photon Energy (MeV)
10° Photon Mass Attenuation Coefficient in Air
> [
o - —— Total Attenuation with Coherent Scattering
E 3 —— Total Attenugtion without Coherent Scattering
~ 10 - Pair Production in Electron Field
3 Pair Production in Nuclear Field
= Photoelectric Absorption
Incoherent (Compton) Scattering
10 |- Coherent (Rayleigh) Scattering
=1
10
-3
10
-5
10
-7
10
—9|
10
-1
10
=13
10 -
108l il il il
10° 10?  ag! 1 10 ¢ e gt 10°

Photon Energy (MeV)

Figure 4.3: Photon total mass attenuation coefficient as a function of energy in lead and
air for the contributions of the various processes. The coefficients for carbon are similar
to those for air. Values are calculated by running NIST XCOM: Photon Cross Sections
Database in Physical Reference Data. The coherent scattering means, in the process,
the atom is neither ionised nor excited. This is the process of Rayleigh scattering. The
incoherent scattering, means a photon is scattered off an electron. This is the process of
Compton scattering.
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emitted passes down the scintillator and is directed onto the face of a photomultiplier
by multiple internal reflections along a shaped solid plastic tube called a light guide.
Scintillation is characterised by the light yield, the absorption and emission spectrum,
signal linearity and the pulse shape, and decay times as well, for which, the decay times
range from less than 1 ns up to 5 pus [?]. Thus, the scintillation counter is ideal for timing
devices, with a time resolution as good as 100 ps or better, and for fast event selection.
It is also important for measuring the energy of particles by total absorption in sampling
calorimeters.

Commonly used scintillators are inorganic single crystals (e.g. sodium iodide) or or-
ganic liquids and plastics. A modern complex detector might use detectors in combination
with photomultiplier tubes (PMTs).

4.2.2 Measurement of Position

The devices providing measurements of a particle position detect ionisation, either
by collecting the total ionisation products onto electrons by using an electric field, or by
making the ionisation track visible in some form. A wide range of devices are available for
this purpose. Bubble Chamber, Cloud Chamber and Photographic Emulsion were used
in the early studies while nowadays, Proportional/Drift Chambers and Semiconductor
Detectors are frequently used as current detectors. In this subsection, Proportional /Drift
Chambers and Semiconductor Detectors are especially discussed since they are the most
frequently used in modern experiments in particle physics and astrophysics.

o Proportional and Drift Chambers: The basis of proportional chambers is the obser-
vation that, if an electric field is established in a gas, the electrons released as a
part of electron-ion pairs by the passage of a charged particle will drift towards the
anode, with a velocity

et F
vp =

2m.

(4.36)

where € is the electron charge, m. is the electron mass, 7 is the mean time between
collisions and £ is the electric field. If the field is strong enough, the electron
will gain sufficient energy to result in secondary ionisation, and a chain of such
processes leads to a avalanche of secondary electrons which can be collected as a
pulse on the anode. The proportional counter, first established by using this idea,
consists basically of a cylindrical tube filled with gas and maintained at a negative
potential, and a fine central wire at a positive potential. If many anode wires are
arranged in a plane between a common pair of cathode plates, then each wire acts as
an independent detector. This is called multiwire proportional chamber (MWPC),
which can achieve spatial resolutions of 500 pum or less [?], and has a typical time
resolution of about 30 ns [?]. In order to reach better spatial resolution, drift
chambers are used [?]. This applies the fact that the liberated electrons take some
time to drift from the point where they are produced to the anode. Thus, the
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time delay between the passage of a charged particle through the chamber and the
creation of a pulse at the anode is related to the distance between the particle
trajectory and the anode wire. In practice, a reference time has to be well defined,
which can be done by allowing the particle to pass through a scintillator located
somewhere in the experiment. The electrons drift for some time and are collected
at the anode, thus providing a signal that the particle has passed. If the time
resolution is good enough, then it is possible to translate this time resolution into
spatial resolution, if the drift velocity is known. Generally, it is easy to get a
spatial resolution of 100-200 pm [?], or even less. MWPCs and drift chambers are
constructed in a variety of geometries, depending on the nature of the experiment.

o Semiconductor Detectors: Semiconductor detectors are essentially solid state ionised
chambers. The principle of the operation is that, if an ionised particle penetrates the
detector, it then produces electron-hole pairs along its track. In the presence of an
externally applied electric field, the electrons and holes are separated and collected
at the electrodes before they recombine, giving a signal proportional to the energy
loss of the incident charged particle. The intrinsic energy resolution is related to the
low energy threshold: only about 3.7 eV is necessary to produce an electron-hole pair
[?], much lower than the ionisation energy in a gas, about 30 eV, and the extraction
energy of an electron from a photocathode coupled to a plastic scintillator, which is
about 300 eV. Semiconductor detector devices can be produced in a small size. For
example, in a silicon microstrip detector, narrow strips of active detector are etched
onto a thin slice of silicon, with gaps of an order of 10 pum. Arrays of such strips
can then be used to form detectors with an accuracy of position localisation of an
order of 5 ym [?]. However, being electronic devices, they are limited in the ability
to withstand the radiation damage [?].

4.2.3 Measurement of Momentum

The momentum of a charged particle is usually determined from the curvature of its
track in a magnetic field:

P ym,fBc

V4 V4

= (4.37)
An apparatus which measures the momentum of a charged particle is called spectrometer,
which consists of a magnet and a series of detectors to track the passage of the particles.
Two popular types of magnet are used in particle spectrometers, depending on the ex-
periments. Dipole magnets typically have their field perpendicular to the beam direction
and have their best momentum resolution to particles emitted in the direction along the
beam. For colliders, however, the most usual magnet shape is the solenoid where the field
lines are parallel to the beam direction. This device is usually used in conjunction with
cylindrically tracking detectors. For this, the device has its best momentum resolution
for particles whose directions are perpendicular to that of the beam.
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4.2.4 Particle Identification

Particle identification is usually based on determining the mass of the particle by
position-sensitive detectors used for tracking, or calorimeters used for measuring particle
energy. Particle identification relies on special properties of some particles, like muons,
which carry charges but do not shower nor interact strongly, or, the electromagnetic
shower characteristics for electrons and gammas. In most cases, mass measurement of
a charged particle usually combines p (by spectrometer) versus 3 (by TOF, Cerenkov
Counter and so on) or p versus the ionisation loss dE/dz (by Calorimeters).

??(a) Time of Flight

The simplest way to measure the velocity of a particle is to measure the time of flight
(TOF) between two scintillation counters. The velocity of a particle is then given by the
TOF combined with the distance in between. Particle identification with TOF techniques
requires an excellent time resolution. Suppose two particles of mass m; and my have the
same momentum and flight distance L, then the TOF difference is

a = a(bo Yo B () 438
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For a mass seperation, a significance of At = 40y is demanded [?]. That is, a TOF
difference 4 times the time resolution is required. Such a constraints has limited this

method to low energy particles with momenta p < 4 GeV/n.
??7(b) Cerenkov Radiation and Cerenkov Counter

An important identification method for high energy particles is based on the Cerenkov
effect. Whenever a charged particle with a velocity # = v/c traverses a dispersive medium
of refractive index n, excited atoms in the vicinity of the particle become polarised. If
the particle velocity exceeds the light speed in the medium v.,, 8 > v, = 1/n, the excited
atoms turn back rapidly to their ground state and then emit a part of the excitation
energy which reappears as coherent radiation, emitted at a characteristic angle 6 relative
to the direction of the particle velocity

cosf = ﬂl_n (4.41)
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Therefore, from Eq. (??), it is easy to see that the measurement of 6 is a direct measure-
ment of the particle velocity. Figure ?? presents schematically this phenomenon.

Figure 4.4: Huygens construction for two velocities: 3 < 1/n and 3 > 1/n.

Eq. (??) shows that the asymptotic emission angle which is given as

1
c0s 0,00 = — (4.42)
n

and also the thresholds for velocity and momentum of the particle

1 me
6th n ) th n2 —1

(4.43)

Cerenkov radiation appears as a continuous spectrum and can be collected by a pho-
tosensitive detector. However, the problem is its modest light yield: the energy loss due
to ionisation or excitation is 2 or 3 orders of magnitude higher than the energy lost in
radiation Cerenkov light. But, in the photon energy range, photomultipliers can be used,
about a few eV, or about 400 nm wavelength [?]. The photon yield per unit length in the
wavelength interval (A, A 4+ d)) is given as [?]:

dN 2ral? 9 2ral? 1
dd = e el =5 ( _ﬂ2n2)

where N is the photon number, [ is the length of traversed radiator, A is the wavelength
of Cerenkov light, « is the fine structure constant and Z is the charge of the incident
particle. So, the photon yield after a traversed length can be obtained by integrating the
range of sensitive wavelength.

(4.44)

Cerenkov counters are used to measure the particle velocity. They can be used as
threshold counters, filtering the particles with velocities 3 > 1/n or differential counters,
accepting light only in a narrow range of angles, with a proposed f resolution. In ng
Imaging Cerenkov Counter (RICH), the Cerenkov radiation emitted at an angle 0 is
focused onto a ring on the detector surface, made of photomultiplier tubes (PMTs) or
photosensitive MWPCs. (3 is then determined by a direct measurement of the radius of
that ring.

??(c) Transition Radiation
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Also below Cerenkov threshold, a charged particle may emit electromagnetic radia-
tion. When a charged particle traverses an interface, the charge, together with its mirror
charge form an electric dipole, whose field strength varies in time, or, in other word,
varies with the movement of the particles. The field strength vanishes when the particle
enters the medium. Thus, the time dependent dipole electric field causes the emission of
electromagnetic radiation, called transition radiation.

One of the most important features of transition radiation is that, the radiation en-
ergy increases with the Lorentz factor v rather than its velocity [?]. The v-dependent
effect of transition radiation is extremely important for particle identification at high en-
ergies since most processes used for this purpose (ionisation energy loss, TOF, Cerenkov
radiation,...) depend on 3, thus providing only moderate possibility in identifying ul-
trarelativistic particles. Another important characteristic is that, the transition radiation
photons are emitted in an angle, § = % [?], in the X-ray range [?], with the average energy
about 5-25 KeV in the electron momentum range 1-4 GeV /c for typical standard radiator
arrangements [?], which produce an effective threshold behaviour at a value of 4 ~ 1000.

In general, a Transition Radiation Detector (TRD) is constructed by using a set of foils
consisting of a material with Z as low as possible. Asseen in Eq. (??), the photoabsorption
cross section depends strongly on Z: o« Z°. Hence, a material with small Z has to be
chosen otherwise, the transition radiation photons are not able to escape from the radiator.

Transition radiation is particularly useful in identifying high energy particles. With the
threshold v = 1000, pions, for example, with energies below 140 GeV cannot produce such
radiation but only deposit the energy loss by ionisation and excitation in the detector.
Thus, this provides a means to distinguish electrons from pions. Similarly, pions can be
distinguished from kaons at relativistically high energies. For £ > 140 GeV, pions will
produce transition radiation while kaons, with y= 280 at this energy, do not. Even in the
TeV-region, a m/ K /p separation with TRDs still appears feasible.

4.2.5 Energy Measurement: Calorimeters (Shower Counters)

Calorimeters are used to measure the energy and the position of a particle by its
total absorption. Calorimeters differ from other kinds of detectors in that the nature
of the particle is changed during the passage, and, they can be applied to both neutral
and charged particles. A calorimeter can be a homogeneous absorber, or detector, such
as a block of lead glass used to detect photons by Cerenkov radiation, or, it can be
a sandwich construction with separated layers of absorber and detector. During the
absorption process, the particle interacts with the material of the absorber, generating
secondary particles which will then generate further particles, and so on. So, a cascade
then develops in the absorber. As discussed in Section ??, the shower is predominating
in the longitudinal direction but will be subject to some transverse spreading due to
Coulomb scattering and the transverse momentum of the produced particles. As a result,
almost all of the primary energy is then deposited in the calorimeter and gives a signal in
the detector component.

Calorimeters have some important characteristics, especially for high energy particles:
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(i) they can detect neutral particles, by measuring the charged secondaries; (ii) the ab-
sorption process is statistical, so that the relative precision of energy measurement AF/F
varies as F~'/% for large E [?], with a great improvement on high energy spectrometer
for which, AE/E varies as E? [?]; and (iii) the signal produced by the cascades is fast of
order 10-100 ns [?], and is thus suitable for triggering purpose.

Calorimeters are usually composed of different parts, built for optimal performance on
different particles. Typically, incident electromagnetic particles, electrons and gammas,
are fully absorbed in the electromagnetic calorimeter, whose construction takes advantages
of the comparatively short and concentrated electromagnetic shower shape to measure
energy and position with optimal precision. On the other hand, incident hadrons, may
start their showering in the electromagnetic calorimeter, but will nearly always be fully
absorbed only in hadronic calorimeter.

??(a) Electromagnetic Showers

A high energy electron or positron interacts with the matter that the dominant energy
loss is due to bremsstrahlung, and for the photons produced, the dominant absorption
process is pair production. So, by these two processes, a incident electron will lead to a
cascade of e”e' pairs and photons. The cascade continues developing until the energy of
the secondary falls below the critical energy in Eq. (??), E. ~ 560 MeV/Z [?].

A shower development can be simply modelised by the qualitative features:

(i) each electron with energy F > F. travels one radiation length and then gives up
half of its energy to a bremsstrahlung photon;

i1) each photon with E, > E. travels one radiation length and then creates an ete
P y g
pair, in which, each particle has half of the photon energy:

(iii) electrons with £ < E. cease to radiate and lose all the rest energy by collisions with
material;

(iv) ionisation losses are negligible with £ > E..

So, suppose the initial electron energy Fy > FE.. then after traversing ¢ radiation lengths,
the shower will have 2¢ particles which consist of approximately the same amount of
electrons, positrons and photons and each of which has the average energy

B(t) = 5

(4.45)

And, the shower will cease until the particles have traversed the maximum radiation

length, &4z, at which, E(€) = F.. So that

(£,/Ee)

In
Emaz = E(E.) = 3 (4.46)
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Thus, the number of particles at &4, is just

Niaz = €xp (Epaz In2) = % (4.47)
Egs. (??) and (??) show that maximum shower depth increases logarithmically with the
incident energy and the maximum particle number in the shower is determined only by
the primary energy. So, the physical size for calorimeters is required to increase slowly
with the maximum energies of the particles to be detected. Electromagnetic showers have
a shape that fluctuates within comparatively narrow limits and, and the energy resolution
actually depends on the statistical fluctuations, which is typically [?]

AE  0.05
~ 4.48
E VE ( )

where F is in unit of GeV.

??(b) Hadronic Showers

Hadronic showers are similarly modelised as electromagnetic showers but are much
more complex in reality. The complex features come from that many different processes
will contribute to the inelastic production of secondary hadrons. The scale of the shower
is determined by the nuclear absorption length defined as

1
l, = (4.49)

N0 nel

where n is the number density of the material. According to the formula of total inelastic
cross section in Eq. (??) and the values of radiation length in Table ??, the absorption
length is much larger than the radiation length. So, hadron calorimeters have to be much
thicker than electromagnetic calorimeters.

Another major difference for hadron calorimeters is that, the calorimeters may also
provide signatures for particles that are not absorbed: muons and neutrinos [?]. Muons
do not shower in matter but their charges leave an ionisation signal, which can be identified
in a calorimeter if the particles are sufficiently isolated, and then can be associated to a
track detected in tracking devices inside, or in specific muon chambers. Neutrinos, on the
other hand, leave no signal in a calorimeter but their existence can sometimes be inferred
from energy conservation. And, a substantial fraction of the hadronic energy, of about
20% of the total energy [?], will be used to break up nuclear bonds. In the break-up of
nuclear bonds, short range nuclear fragments are produced. However, such fragments do
not contribute to the detection signal since they are absorbed before reaching the detection
layers. Furthermore, stable neutral particles like neutrons, K° or neutrinos, can probably
escape from the calorimeter. All these excitation and leakage of secondary muons and
neutral particles will reduce the energy resolution. In addition, hadron calorimeters have
a widely fluctuating shape. These features lead that the energy resolution is in general
much worse than that of electromagnetic calorimeters, typically at least 10 times worse

than Eq. (?7) [?].
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4.3 Experiments

Data of cosmic particles are available from both balloon-borne and space-borne exper-
iments. The measurement results provide good sources to verify the related subjects on
astrophysical studies. In this section, the related experiments to the work of this thesis
are discussed. The performed experiments will be applied to verify the applicability of
this work and this work is expected to explore its applicability to the probable results in
the future experiments.

4.3.1 Isotope Matter Antimatter Experiment (IMAX)

The Isotope Matter-Antimatter Experiment (IMAX) shown is Figure ?? is a balloon-
borne magnetic spectrometer designed to measure cosmic ray antiprotons, hydrogen iso-
topes and helium isotopes over an energy range from about 200 MeV/n to 3 GeV/n
[?]. This energy range includes the intensity maximum in the light isotope spectra. In
the energy range of about 1 to 3 GeV/n, differences from the antiproton spectral shape
and intensity expected from interactions of cosmic rays with the ISM may indicate that
antiprotons from exotic sources are present [?].
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Figure 4.5: Schematic drawing of the IMAX instrument [?]. IMAX has a useful geometry
factor of 140 cm? sr. As its basis, IMAX uses the NASA/NMSU Balloon-Borne Magnet
Facility payload, with additional detectors and electronics supplied by the collaboration.
See text for the abbreviations of all devices.

Particle identification in IMAX is based on the determination of the charge Z, velocity
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(, and magnetic rigidity R of incident particles. The rigidity is measured using a 61 cm
diameter single-coil superconducting magnet, providing a magnetic field from 0.1 to 2.1
Tesla in the region of the tracking detectors [?]. The tracking system is a combination
of drift chambers (DCs) and multiwire proportional chambers (MWPCs). The DC sys-
tem consists of two identically manufactured DC modules with a hexagonal close-packed
structure, which provide 12 measurements in the bending direction (z) and 8 in the non-
bending direction (y). The average position resolution in the DCs is about 65 gm [?]. The
set of MWPCs, placed above, below and between the two DC modules, provide another
eight measurements in  and four in y.

Particle trajectories are measured in general with the full hybrid tracking system (DCs
plus MWPCs), whereas both tracking subsystems can operate separately in order to
provide two independent trajectory measurements. In addition, each single DC module is
capable of measuring the trajectory of a charged particle in the magnetic field. The most
probable maximum detectable rigidity (MDR), which is defined as the value at which the
uncertainty in the rigidity measurement becomes 100% [?]:

akv & (4.50)

and is determined by the path integral of the magnetic field and the trajectory resolution,
is about 200 GV/c for Z=1 particles [?]. A large MDR is important while identifying
particle charge sign at high energy.

Particle velocities are measured by a TOF system with a flight path of 2.54 m and
two Cerenkov counters (C2 and (3) with n=1.043 silica-aerogel radiators [?]. For Z=1,
B ~1 particles, the TOF resolution o ~ 122 ps [?] while for Z=2 particles, o ~ 92 ps [?].
Energy loss is measured by the TOF and scintillators S1 and S2.

The charge determination is performed by four independent ionisation energy loss
measurements. Beside the two plastic scintillators of the TOF system, which form the
event trigger, two large area light integrating counters S1 and S2 are used to separate
particles by charge. The charge is determined by using a dF/dx versus 8% method.

The IMAX flight took place in July 1992 [?]. The float altitude of 36 km (5 g/cm?
of residual atmosphere) was reached about 7 hours after launch. During the flight, the
geographic latitude varied between 55°58'N and 57°35'N, and the geographic longitude
varied between 100°28'W and 117°35'W. The vertical geomagnetic cutoff rigidity varied
between about 0.35 GV at departure position and 0.63 GV at the landing position. These
cutoff rigidities correspond to energies for protons 70 MeV and 190 MeV and for *He, 17
MeV/n and 52 MeV/n respectively [?]. The geomagnetic cutoff is then well below the
instrument cutoff owing to the instrumental grammage in the IMAX experiment and the
residual atmosphere on the top of the instrument [?].
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4.3.2 Balloon Borne Experiment with Superconducting Solen-
odial Spectrometer (BESS)

BESS, the Balloon Borne Experiment with a Superconducting Solenodial Spectrometer,
shown in Figure ??7, was proposed and developed as a high resolution spectrometer for
the mission to search for antihelium nuclei in the galactic cosmic rays. It is ideally suited
to statistics limited studies of Z=1 and Z=2 components in cosmic rays, identifying
antiprotons, measuring proton and helium spectra and separating isotopes as well [?, ?].

BESS has been described in detail in articles on BESS [?, 7, ?]. The BESS detector
has incorporated various new detector technologies developed for collider experiments. A
uniform field of 1 Tesla is produced by a thin superconducting coil (4 g/cm? thick including
the cryostat) [?], through which, particles can pass with small interaction probability.
The magnetic field region is filled with central tracking devices. This configuration has
achieved a geometrical acceptance of 0.3 m? sr [?], depending on the off-line fiducial cuts
[?]. The r-¢ tracking in the central region is performed by fitting up to 28 hit points,
each with 200 pm resolution [?], in a jet-type drift (JET) chamber and two inner drift
chambers (IDCs) resulting in a maximum detectable rigidity of 200 GV /¢, corresponding
to the momentum resolution of 0.5% at 1 GeV/c [?]. Tracking in the z-coordinate is
done to an accuracy of 300 ym by fitting points in IDCs measured by vernier pads and
points in the JET chamber measured by charge devision with an accuracy of 2 cm [?]. The
continuous and redundant 3-dimensional position measurements with outer drift chambers
(ODCs), IDCs and JET chamber, which are all equipped with multi-hit capacity, make
it possible to recognise multi-track events and tracks having interactions and scattering,
thus minimising the background originating from interactions [?]. The upper and lower
scintillators hodoscopes measure two independent dF/dx and the TOF of particles. In
addition, d¥ /dz in the DC gas is obtained as a truncated means of the integrated charges
of the hit pulses. The scintillator hodoscopes consist of 10 upper and 12 lower plastic
scintillators and PMTs are attached at each end of scintillators [?]. The hodoscopes are
placed at outer-most radii and the timing resolution of each hodoscope is 50 ps rms,
resulting in inverse velocity 37! resolution of 0.008 [?]. A Cerenkov counter with silica-
aerogel radiator is installed below the upper TOF hodoscopes. The refractive index of
the radiator is variable, for example, n=1.032 for 1997 flight [?] while n=1.020 for 1998
flight [?].

BESS flights took place once a year during the solar minimum 1995-1998 [?, ?, 27, ?],
with the geographic latitude range between 66.57°N and 62.82°N, and the longitude range
between 118.34°W and 141.45°W, where the cut-off rigidity ranged from 0.3-0.5 GV/c.
The flight altitudes varied from 35-38 km, with residual air of 4.8-5.5 g/cm?, with an
average value of 5.3 g/cm” [?].

BESS recently measured p flux at ground level [?, ?], which will be discussed in Chap-
ter 77,
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Figure 4.6: Cross-sectional front and side views of the structure of BESS [?].

4.3.3 Cosmic AntiParticle Ring Imaging Cerenkov Experiment
(CAPRICE)

The main aim of the experiment of CAPRICE, Cosmic AntiParticle Ring Imaging
Cerenkov Experiment, is to measure the flux of antiparticles, especially antiprotons and
positrons, in the cosmic radiation. The balloon flights took place in 1994, 1997 and 1998
separately [?, 7, ?], between geographic latitudes and longitudes (56.5°N, 101.0°W) and
(56.15°N, 117.2°W), at an atmosphere pressure of 3.2 to 4.5 mb, closely 36.0-38.1 km
height, with an average residual atmosphere of 5.5 g/cm?.
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Figure 4.7: Left: Schematic view of CAPRICE apparatus [?]. Right: Schematic view of
the solid/gas RICH detector operating principles [?, ?].

Figure ?? Left shows the CAPRICE spectrometer [?]. It includes from top to bottom:



4.3 Experiments 95

a RICH detector, a TOF system, a tracking system consisting of DCs and a supercon-
ducting magnet, and silicon-tungsten imaging calorimeter. The details of this apparatus
are described in a series of articles of CAPRICE [?, ?].

The RICH detector [?] shown in Figure ?? right, either installed with a solid NaF
radiator, with a threshold Lorentz factor v of 1.5 [?], or filled with high-purity perfluo-
robutane (C4F10) gas, with a v threshold about 20 [?], is designed to identify antiprotons
in cosmic rays in a large background of electrons, muons and pions. A spherical mirror
is placed on the bottom of the radiator box, in order to reflect back the photons emitted
along the particle trajectory onto a photosensitive MWPC. Photons are converted, by
photoelectric effect, into photoelectrons which are amplified and detected on the matrix
pad plane equipped in the MWPC volume. The profile of ring-like image on the matrix
pad plane then reads out the velocity of particles. Such a layout can identify Z=1 par-
ticles with rigidities up to 50 GV/c [?] and with an angular resolution less than 2 mrad
[?]. The TOF system consists of two layers of plastic scintillators, one placed above the
tracking system and the other below. Each layer is divided into two paddles, each of
which has two PMTs. The signal from each PMT is split into two parts: one is sent to
an analog-to-digital converter and the other to a time-to-digital converter [?]. Thus, the
TOF system provides both ionisation losses, dF/dz, and timing information and is used
to identify albedo particles. The spectrometer consists of 3 sets of DCs, MWPCs and a
superconducting magnet, with an average spatial resolution better than 100 gm [?] and
with an average MDR of 300 GV/c [?]. The calorimeter is used to identify electromag-
netic showers. The electromagnetic calorimeter consists of 8 silicon planes, giving « and
y-coordinate projection readouts [?]. These silicon planes are interleaved with layers of
tungsten convertors, each of which is one radiation length thick, Xy ~ 3.5 mm [?]. The
segmentation of the silicon planes into strips provides information on the longitudinal and
lateral profiles of the interactions along the total deposited energy [?]. Thus, particles are
identified by the combined energy release information with the event topology.

4.3.4 Alpha Magnetic Spectrometer (AMS)

The Alpha Magnetic Spectrometer (AMS) will be the first large acceptance detector
to be put into space and collect data during a long period of time. AMS configuration on
the precursor flight in 1998 (AMSO01) is shown in Figure ?? and its working principle is
schematically shown in Figure ?7. AMSO01 consisted of a large full acceptance magnetic
spectrometer, about 0.82 m?sr [?], based on a permanent Nd-Fe-B magnet, surrounding
a 6 layer high precision silicon tracker and sandwiched between the 4 planes of the TOF
scintillator system. A scintillator Anti-Coincidence Counter (Veto Counters) is located
on the magnet inner wall and also an aerogel threshold Cerenkov detector, with n=1.035,
providing the anti-coincidence protection against background particles and the noise out-
side the acceptance. A thin shielder on the top and the bottom sides would absorb low
energy particles on the Earth radiation belts [?]. The complete system provides an effect
geometric acceptance of 0.3 m?sr [?].

The magnet is constructed by using high grade Nd-Fe-B as a permanent magnet in
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Figure 4.8: AMSO01 configuration for the June 1998 Shuttle precursor flight STS91. Pic-
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Figure 4.9: The working principle AMS01. Picture is from the AMS Collaboration.
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a cylindrical shape with magnetic flux BL? = 0.15 T m?*, weighting less than 2 tons. A
charged particle which traverses the spectrometer undergoes a dipole field orthogonal to
the cylinder axis so that it triggers the experiment through the TOF system S1 to 54,
which also provide measurements of the particle velocity , with a typical resolution of
100 ps [?], over a distance of about 1.4 m. The curvature of the tracks is measured on the
six layers of silicon double sided detectors (Trackers). The amount of material traversed
by a particle is very small, less than 3% of the radiation length Xy [?]. The momentum
resolution of the Silicon Tracker is about 8% with rigidities between 1 and 10 GV [?] while
at low momentum, the resolution is limited by multiple scattering. At high energy, its
MDR is about 500 GV [?]. Both TOF system and the Silicon Tracker measure dF/dz,
allowing a multiple verification of the charge magnitude of the particle.

In the second flight, AMS detector, AMS02, shown in Figure ??, will be launched
in 2005 and installed on the International Space Station (ISS) for a mission scheduled
for 3 years. AMS02 will include a TOF system, Transition Radiation Detector (TRD),
Silicon Microstrip Tracker (TRK), Anticoincidence (Veto) Counter (ACC), RICH and
Electromagnetic Calorimeter (ECAL). All the working principles of these issues have

been discussed in previous sections. Here, its particular features are summarised as follows
(7,7, 7

e discrimination capability of separating e~ from hadrons over a very wide range of

energy beyond 1 TeV: e/h > 10* in TRD and e¢/h > 10° in ECAL;

e for Z=1 particles, velocity resolution % ~4x 1072 for 1.3 < P <5 GeV/c/n and

% ~ 1 x 1072 for 4.5 < P <13 GeV/c/n can be achieved by RICH;

e isotope separation up to A ~~ 25-30 at best, over a momentum range from about 1-2
GeV/c/n up to about 13 GeV/c/n, depending on the choice of the type of radiator;

e identification of chemical elements up to Z ~ 26, A ~ 50, over the full momentum
range measured by the spectrometer, i.e., from threshold up to TeV/n range;

e contribution to the high level of redundancy of high purity samples of ¢* and p by
the et/p and e~ /p discrimination capability of RICH, with momentum range up to
10 GeV/c/n;

e high efficiency rejection of albedo particles performed by RICH for particle momenta
above the counter threshold, 1-2 GeV/c/n.

With its powerful discrimination capability, high accuracy, and also high statistics prospects
of the cosmic ray elements over the specific energy range, AMS02 on ISS is expected to
explore the profound understanding on cosmic ray astrophysics. It is also believed to be
able to lower the limit of He/He ratio in the Galaxy, from 107° to 1079 [?, ?].
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Chapter 5

Theoretical Model of Cross Section
of Antiproton Production in
Proton-Induced Collisions

As discussed in Chapter ??, The distinctive spectral shape of the p flux with a maximum
at 2 GeV and a sharp decrease towards lower energies makes antiprotons a unique probe of
the models of the production source and mechanism, and also of the propagation condition
in the Galaxy and of the flux modulation in the heliosphere as well. However, measuring
the p flux in the neighbourhood of the Earth is a genuine challenge. The difficulties come
from the requirement that antiprotons have to be distinguished from a large background
of €7, p~ and 7~, with the latter produced around the detector because of its short
lifetime. In addition, the measured flux is in fact a superposition of galactic antiprotons
and a significant contribution of secondary atmospheric antiprotons from the collisions
of cosmic ray particles with atmospheric nuclei. The first difficulty could be overcome
by the progress in the identification techniques of detectors, such as IMAX [?, ?], MASS
[?,?], HEAT [?, ?], BESS [?, 7,2, 7,2, 7 7], CAPRICE [?, ?, ?] and AMS [?]. Both
secondary galactic and atmospheric antiprotons are produced in hadronic collisions by the
same elementary reaction mechanism involving nucleon-nucleon collisions, between the
incident cosmic ray flux and either ISM nuclei in the Galaxy, or atmospheric nuclei in the
atmosphere. The correction of the total flux from the atmospheric contribution therefore
needs to be carefully calculated since the accuracy on the evaluation of this component
will set the limit of accuracy on the galactic flux. For simplicity, the antiproton flux can
be described as the sum of all contributions:

secondary atmospheric p
secondary galactic p
p from the annihilation of
measured p flux = N dark matter
+ cosmic p = . _ B .
+ primary p =< 4+ p from the evaporation of
primordial black holes

+ p from other exotic sources...
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Therefore, in order to evaluate the contribution from the cosmic antiprotons, one has
to know the contribution of the secondary atmospheric antiprotons. Under the same
argument, one has to know the contribution from the secondary galactic antiprotons in
order to evaluate the origin of the actual primary antiprotons. This goal is possible only
if one can have a good description of the antiproton production cross section in nuclear
interactions.

In this chapter, some elements of the theoretical approach to the mechanism and the p
production cross section in nuclear interaction are discussed. In deriving the inclusive cross
section, Quantum Field Theory (QFT) aspects, particle kinematics in the transformation
between centre of mass system and laboratory system, Quark Counting Rules and Regge
Phenomenology are also discussed.

5.1 Approach of Quantum Field Theory

Consider a hadronic reaction of the following form
a+b—c+d (5.1)

where a, b are in the initial state 7 and ¢, d in the final state f. The cross section for
the interaction (??) is defined as the transition rate W per unit incident flux of particle
a per target particle b. Define n, as the density of particles in the incident beam and v;
the relative velocity of a and b, then the flux of particles per unit time through unit area
normal to the beam is

b = nyv; (5.2)

Assume there are n; particles in the target per unit area, each of an effective cross section
o, then the probability that any incident particle would collide the target is nyo, and the
number of interactions per unit area per second is n,nyov;. For each target, the transition
rate W is therefore

W =o0¢=on,v; (5.3)

W is given by the product of the square of a matrix element M;; and a density of final
states, or phase space factor, ps [?]. M, is the quantal transition amplitude which con-
tains various dynamical features in the interaction: coupling strength, energy dependence,
angular distribution and so on. The formula is given as [?]

2
W= ;|Mz’f|2ﬂf (5.4)

In calculating the phase space factor ps, one can restrict the particles to some arbitrary
volume, which cancels in the calculation and can be taken as unity for convenience. Then,

dn  dQ , dpy

PI= 0k = e Pigp Y (5.5)
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where Ej is the total energy in the centre of mass frame; py is the final-state momentum in
this frame, |p.| = |py| = py; d2 is the solid angle containing the final-state particles; gy is
a spin multiplicity factor. Eq. (??) refers to one particle of each type in the normalisation
volume. From Eq. (??) and (??), with n, = 1 and integrating over all angles of the
products ¢ and d, the cross section is then given as
9(9,\3 2.
2O g i, (5:6)
U; U; 0

By the energy conservation

EozEc—l—Ed:\/pf:—l—mg—l—\/p(j—l—mfl (5.7)

this relation gives

@ — Eela — i (5 8)
dFEy  Eopy vy

with vy = v. 4 v4 as the relative velocity of ¢ and d.

Take s. and s4 to be the spins of particles ¢ and d. The numbers of all possible substates
for them are then 2s. + 1 and 2s; + 1 respectively. Thus, g; = (2s. + 1)(2sq4 + 1) [?].
Therefore, the cross section of the interaction (??) is obtained as
2(2m)3 2.+ 1)(2s4 + 1

G o p Bt Ut 1) (5.9

h4 ’UZ"Uf

ola+b—c+d) =

It has to be noted that o in Eq. (??) is the cross section is derived only for initial state ¢
and final state f. If, for example, an interaction between two particles a and b to a final
state which contains ns particles, Eq. (?7) is then explored to a form of all possible states

7]

92, 454 Di — Mi 2 Ny d3, .
4[(pa : pb) - mamb] i=1 (Zﬂ') ZE]

The total o is then the integral over the phase space for all possible states.
From Eq. (??) and (?7), some important features in such an approach should be
emphasised:

e Implied in Eqgs. (??) and (??), o is integrated over all angles so |M,s|* has been
averaged over all possible initial spin states of @ and b, and summed over all final
spin and orbital-angular-momentum states involved;

e The exact form of |M;s|* is unknown. However, by first-order perturbation theory,
where the interaction is assumed to be weak, | M;¢| can be interpreted as the overlap
integral over the volume of the interaction potential H' and the initial and final state
wavefunctions, 1; and ¥y, i.e., [ ¥} H';d7. This interpretation holds provided H' <
Hy, in which, Hy is the unperturbed energy operator (Hamiltonian). Nevertheless,
when the interaction is strong, |M,¢| cannot be calculated explicitly but Eq. (?7?)
can be treated as the definition of |Ms/;
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e |M;¢|* is symmetric by assuming invariance of the interaction under time reversal
and space inversion, both of which hold for strong interactions. Time reversal inter-
changes final and initial states and reverses all momenta and spins; space inversion
then recovers the signs of momenta but leaves spins unchanged. Thus, suppose T
is a suitable transition operator, then

< f(pmpcb3073d)|T|i(pa7pbaSa7Sb) >
Time + Space .
< Z(paapbv —Sa, _Sb)|T|f(pc7pd7 —Sey _Sd) > (511)

—

By summing over all 2s 4+ 1 spin projections, from —s to +s, it is obvious that the

relation |M;;|* = | My;)? holds;

e Invariance (??) under time reversal and space inversion is not, however, applicable to
weak interactions because of CP-violation [?]. But, first-order perturbation theory
can still keep the validity of such a symmetry.

The interpretations of o in (??) and (??) are theoretically valid but it would meet
some difficulties in practice. In calculating the total o, it requires all final states to be
known but at high energies, the final state is often very complicated. In addition, in a
single interaction, several particles could be produced and some of them could stay free
out of the detector acceptance. In practice, it is less difficult to measure the inclusive
cross section for the interaction [?], a+b — ¢+ X, in which, ¢ is the targeted production
particle while X denotes all other particles whose production is allowed in this reaction
but without being detected. The cross section is then completely given by the kinematics
of incident particles a, b and the interested particle produced and also the mass of the
recoiling system [?]. On the other hand, experiments can probably be sometimes designed
to detect all the produced particles in the final state. These are called ’exclusive’” while
all detected particles are ensured to be the only ones produced in this collision event [?].

5.2 Threshold of Antiproton Production in Hadronic
Collisions

For the p production threshold, consider a hadronic reaction A + B — p + X where
A is the incident particle while B is the target. According to the conservation of charge
and the baryon number, the simplest hadronic reaction for the p production is

p+N—=p+p+p+ N N: Nucleon (5.12)

Eq. (??) has a minimum possible mass of the recoiling particle as Mx ,.;, = 3m,, for a
proton target. Since in the centre of mass frame, the net momentum of the system is zero
before and after the collision. So, at the p production threshold, the invariant mass for
the collision products p and X is

s = (E; + E)*()2 = (4mp)2 = 16m§ (5.13)
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Therefore, the threshold energy to produce an antiproton is the incident energy providing
the system to have the same invariant mass. Then, one can obtain

s= (B +E ) =ml4+ml+2m,E" =16m’ (5.14)
where p;, and p; are the incident and target protons respectively while the superscript
Lab stands as the Lab frame. This relation gives

EM = Tm, (5.15)

which is the minimum total energy needed to produce antiprotons in the hadronic p + p
reaction.

5.3 Total, Inelastic and Elastic Cross Sections

There are different definitions in interaction cross sections. The basic observable of
hadron scattering processes, the total cross section o4, consists of two main contribu-
tions: the elastic cross section o.; and the inelastic cross section ;.

Ototal = Ocl + Tinel

where the elastic and inelastic cross sections can be decomposed into some more funda-
mental components.

Two colliding nuclei can be described in wave concept, in which, the incoming particles
are represented by plane waves. The interactions between them give rise to some secondary
waves whose superposition upon the incoming waves produces an interference patter. At
large distance from the scattering centre, the total wave field consists of the original plane
waves and a set of outgoing spherical waves that would represent the reaction products
in various final states.

Figure ?? [?] shows the total and elastic pp cross sections in function of energy. The
elastic cross section shown in the figure accounts for only a small fraction of the total
cross section at high energies. So, at high energy, the elastic scattering is seen as the
shadow of the inelastic cross section [?]. And, as shown in this figure, at low energy,
hadron cross sections have shown a pattern with more complex structure; at high energy,
however, the cross section appears to be smooth. Such a result suggests that, at high
energy, the laws of the strong interactions would become simpler and merely follow the
general assumptions independent of the details of the particle dynamics [?]. As derived
in the previous section, in a p-production collision, the energy threshold is 7m,. Above
this energy, the inelastic cross section dominates the total cross section.

Most of the high energy elastic and total cross section data [?] have been usually
interpreted in terms of the Regge Poles, i.e., in terms of the meson and the Pomeron
exchanges between the two colliding particles. The elastic cross section can then be
described by an amplitude which depends on the energy and the angular momentum
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Figure 5.1: Total and elastic cross section for pp collision as a function of laboratory beam
momentum (upper scale) and total centre of mass energy (lower scale) [?].
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Figure 5.2: Pictorial description of inelastic, small pr processes with characteristic ra-
pidity distributions [?]. P indicates Pomeron exchange. (a) Fragmentation of the beam
particle a; (b) fragmentation of the target b; (¢) double fragmentation of a and b; (d)
central collision.
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[?, ?]. For the inelastic cross section oy, it is more complicated but can be decomposed
into some components:

Oinel = Osdp + Osdt + Odd + Ond (5.16)

where 0,4, and o0, are respectively the single diffractive cross section of the incident
particle and the target which fragment into a number of particles. o4 is the double
diffractive cross section and 0,4 is the non-diffractive part of the inelastic cross section.
Figure ?? [?] shows pictorially various inelastic processes at low transverse momentum
pr. The properties of each component are described below.

Diffractive effects are prominent in nuclear collisions [?] since the nuclei which take part
in a nuclear interaction have a spatial extension of well-defined size and shape. In addition,
nuclear sizes happen to be usually larger compared with the de Broglie wavelength of the
relative motion of two colliding nuclei at an energy at which, the strong interaction is
involved, resulting in the diffraction condition

Rk > 1 (5.17)

is satisfied [?, ?], where R is the typical nuclear size (~ fm) and k is the wave number.
For p+ p collisions at high energy, the interaction becomes mostly absorptive, dominated
by the many open inelastic channels [?]. Thus, with the strong absorption, the diffractive
condition (??) is satisfied. This condition is in close analogy with the diffraction of a
plane wave by a black disc in classical optics [?, 7, ?].

Since at high energy, the elastic cross section is like the shadow of the inelastic cross
section, the elastic amplitude also has a diffractive character, well described by a single
scalar amplitude [?, ?]. The elastic process and the single diffractive and double diffrac-
tive peripherical processes of the inelastic cross section, corresponding to small impact
parameter collisions in Eq. (?7), give rise to low multiplicity events at very forward angles
while the non-diffractive cross section is the principal part of the inelastic cross section
that gives rise to high multiplicity events and to particles emitted over a much wider CM
angular range [?]. Most of the non-diffractive cross section concerns particles emitted
with a low transverse momentum while a small part of the non-diffractive cross section
gives rise to high pr jets of particles emitted at relatively large angles due to the central
collisions among the colliding particles. As it will be seen in the next chapter, the p pro-
duction multiplicity in hadronic collisions has centrality in rapidity, the p is then mostly
produced in central collisions.

5.4 Inclusive Cross Section

In an inclusive measurement, only one species of the final state particles is identified.
The inclusive cross section is, however, obtained by summing the exclusive cross sections
over all final states which include this particle. The approach to obtain the Lorentz invari-
ant triple differential production cross section of the inclusive particle is here decomposed
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into two-body nucleon-nucleon collision, nucleon structure functions and parton fragmen-
tation function. The hadronic reaction can be viewed as interactions between partons
involved in the nuclear interaction or the Pomeron exchange involved in the hadronic
scattering at high energy. The mechanisms involved can be described by low-order per-
turbation in QCD and non-perturbative Regge Theory respectively.

5.4.1 Nucleon-Nucleon Interactions (N — N Interactions)

In the scope of this work, the p production results from the strong interaction between
two interacting nucleons or nuclei. Since the strong interaction force is short ranged, it
means that the mean free path of hadrons in nuclear matter is comparable to or even
smaller than the nuclear dimensions and the incident high energy particles make more
or less direct hit on the target nucleus. Therefore, the high energy particle traverses the
nucleus, suffering multiple scattering off the nucleons or partons (quarks, gluons) in the
target nucleus. The space-time intervals between these interactions are also comparable
to the range or characteristic time of the strong interaction itself as well. In most cases,
the energy of the incident particle is so high that its de Broglie wavelength is small
compared with the dimensions of the target nucleus and also the mean distance between
nucleons in the nucleus. So, a quasi-classical estimate can be used for the nucleon-nucleon
interactions. The cross section for nuclear interactions is, classically, the geometric cross
section of the nucleus.

The size of the nucleus can be expressed approximately as [?]

R~12AY3 fm (5.18)

where A is the mass number. Consider an incident high energy particle interacting with
the nucleus. The effective size of an incident particle can be derived by means of Heisen-
berg’s Uncertainty relation. For example, consider an incident proton with £ = 10 GeV,
its de Broglie wavelength is

Nx ~

~0.018 fm (5.19)

ymy,c

which is smaller than the proton size (r ~ 1 fm). Suppose all nucleons are averagely
distributed in the volume of the nucleus, then the number of nucleons with which the
proton interacts is just the number of nucleons along the trajectory across the nucleus.
For example, the average number of nucleons the proton has interacted when it traverses
a nucleus with an impact parameter b = 0 is

(2R) [mr?] ~ A/ (5.20)

where R is the radius of the nucleus. For a nonzero impact parameter b, the average
number of nucleons with which a proton has interacted along its trajectory across the
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nucleus can be formulated. In average, therefore, the average number of nucleons a
proton would interact when it traverses a nucleus can be classically formulated as

<n > —/ RS 2\/1%2 - 62) (7r?)db ~ 0.82A° (5.21)
”T

Eq. (?7?) is then a reasonable model of multiple scattering inside the nucleus of a nuclear
collision. For example, a proton passing through an oxygen or a nitrogen nucleus along
its diameter would interact, on average, with about /16 and /14 nucleons respectively.
In case for a proton passing through the air, the average number of scattering nucleons is
about v/14.47.

It has to be indicated that, in reality, a nucleus has a nuclear density distribution
and the nucleons in a nucleus have their matter distribution p(b) as well [?]. So, in the
classical approach for the average number of nucleons that a proton has interacted along
its trajectory across the nucleus should take p(b) into account.

In modern language, the internal nucleon dynamics is described in the "infinite momen-
tum frame’ [?], in which, the hadron is moving very fast, p* = (P,0,0, P) with P > M
with respect to the rest frame. In this frame, according to the Lorentz contraction, the
longitudinal size of the hadron is contracted by a factor of M/P with respect to its size
in the rest frame. Therefore, the nucleons seem to be distributed on a disc.

5.4.2 Kinematics in Two-Body System

In a two-particle collision process, suppose two particles a and b with four-momenta
pt = (E.,p,) and p; = (E,,p,) are involved, in which, the values of p# and p; are
normally determined by the experimental conditions. Different frames can be defined by
requiring p* and p; to have some special values.

Although from the point of view of relativistic mechanics, all co-ordinate systems
are equivalent; for practical purpose, however, two particle systems are of particular
importance for the case of interest here: the laboratory system (LS) and the centre of
mass system (CMS). The LS is tied to the observer, usually the target system (TS),
consequently all direct observations are in the LS. Thus, it is convenient to use this
frame for the experimental results. The CMS, which is tied to the centre of mass of
a system of interacting particles in the incoming channel, is convenient since, in this
frame, disintegration and collision processes for two particles have the maximum degree
of symmetry. For the collisions between two particles with unequal mass, the case of
p+ A or A+ A collisions, for example, the total momentum of the interacting particles
in the CMS is equal to zero: p** + pi* = 0, where the CMS quantities are denoted by
an asterisk. Consequently, the directions of motion of these two interacting particles in
the CMS always make an angle of 180°. That is to say, they move towards each other
before the collision but move apart in the opposite directions after the collision. Hence,
their angular distributions are not changed by interchange with the direction of motion
of the other particle. This could considerably simplify the interpretations of the colliding
system. For such collisions, there is an axis of symmetry and it is always possible to
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draw the relativistic transformation between the CMS and the Lab frames. However, one
should keep in mind that, even though it is possible to simplify the interpretation of a
system by choosing the reference frame, collisions could also be expressed in invariant
forms independent of the reference frame.

As discussed above, an appropriate choice of the reference frame could simplify the
interpretation of a system. In this work, the p production cross section is described in
the CMS while the p production measurements were performed in the LS. Therefore, the
transformation of the kinematics between the CMS and the LS is required. Note that in
evaluating the atmospheric p flux, one should keep in mind that the atmospheric nuclei
are actually in motion, but with velocities much smaller than those of the characteristic
cosmic ray particles and the nucleons inside nuclei. According to Stephens [?], such a
motion contributes only a tiny fraction to the secondary atmospheric p flux. Thus, the
atmospheric target can be considered to be stationary and the TS then coincides with the
LS.

Now, consider a collision process a + b — ¢+ X where ¢ is the inclusive particle [?].
The vectors p* and pj of the initial state p* + p, of such a collision can be expressed in

the CMS and the TS as follows:
P = (Er0,0,P), T =(EF, 0,0, PT) (5.22)
P = (Ef0,0,—PY), pit = (mf,0,0,0) (5.23)

where the direction of motion is chosen as the z axis. The Lorentz transformation equa-
tions are then

P* = ")/CM’T(PGT o ’UCM’TEI?), E;k — ,)/CM,T(E(? - ’UCM'TPGT) (524)

a

where v“M1 is the velocity of the CMS in the TS, given by

pr
M = 7%1 j: ’;’;' T gy (5.25)
This gives
,UCM,TVCM,T _ P_aT — ,)/CM,T _ EaT + mp (5.26)
/s VG
where the invariant mass /s of the system p# + p; is defined as
s =sa = (ph + )" = (Ea + Eb)° — (Pa + Ps)° (5.27)
\/$ is invariant in all frames and hence one can have, in particular
s=(E; + E)" = (Ey +m)’ = (P)" = mg +mj + 2m, By (5.28)

For the inclusive particle ¢, the energy and momentum can be written as [?]

E =mpcoshé, @ = mypsinh§ (5.29)



5.4 Inclusive Cross Section 109

in both the CMS and TS where mr = y/p% + mi is the transverse mass; pr is the

transverse momentum; ¢ = %ln% is the rapidity; ) is the longitudinal momentum.
Rapidities in the CMS and the TS, £* and £7, satisfy the relation
» 1 1 4 &M T _
€ = £ +€OMT, O = ( oot (530)

with the domains [?]

(L)< e <m(L) (5.31)

me M

In (Zb) < ¢ <l (mjm) (5.32)

In a production experiment, the kinematics of the inclusive particle is performed by

measuring its momentum P, mass m, spatial angles § and ¢. Hence, the Lorentz invariant
triple differential cross section can be calculated in terms of the different kinematical

variables
d? 1 d? 1 d?
(E 30) _ 7 _ e (5.33)
&p). 2emy dédmy  2mpr dédpr
E d? E d?
- 2 2 (5.34)

P2d0dP ~ 27P% dPdcos 0

where § as the Lab angle between the measured inclusive particle and the incident particle
direction, €2 as the solid angle and all others as defined above.

5.4.3 Quark Counting Rules

In the present framework, the production of antiprotons in a nuclear collision results
from hadronic interactions. Since hadrons are made up of more fundamental parton
constituents, the interaction can be described in terms of more elementary interactions of
these constituents (quarks, antiquarks and gluons). In such interactions, the two hadrons
may undergo the deep inelastic scattering.

Similar to the electromagnetic interaction in Quantum Electrodynamics (QED), which
involves the exchange of the massless virtual photons (spin-1) between charged particles
[?], the strong interaction is due to the exchange of the coloured massless gluons between
coloured quarks [?], for which, the lowest order strong interaction potential that involves

a single gluon exchange between a quark and an antiquark is [?]
4 o
Vir)=—-— 5.35
=32 (5.35)
where a; = ¢g?/4m and g, is the strong coupling constant. However, at higher order, the
physical coupling strength becomes [?]

asbg 2 asby 2\1?
a,(Q*) ~ a {1 i In (%) + l = In (%)] —I-} (5.36)
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o 1
~ = 5.37
UF (anbo/Am) In(Q2/47) — (bofAm) In(Q2/A%) (537)
AT
2 2 _ .
A = pTexp ( Oésbo) (5.38)
where p? = |Q?| at which o, is measured, Q* = —¢* in which, ¢ is the four-momentum

of the coloured gluon, by = 13—1NC - %Nf where N, is the number of the colours (R: red,
(i: green, B: blue) and Ny is the number of the flavours of quark (d: Down, u: Up, s:
Strange, ¢: Charm, b: Bottom, ¢: Top). Note that in Eq. (??)

as(Q*) = 00 as Q? — A? (5.39)
so that the perturbation iteration breaks down at small Q2. Therefore, one has
1
s ~ 4
s (r) & G In(1 /AT (5.40)

Such a result indicates that the coupling strength becomes stronger when the separation r
between the ¢ and g increases, and, the perturbation iteration terminates as r — % This is
because of the gluon self-coupling so that the exchanged gluons would attract each other,
resulting that the colour lines of force between the interacting quarks are constrained
to a tube-like region between these two quarks [?, ?]. The increase of the interaction
potential as the separation between two interacting quarks increases is supposed to be
the origin of the confinement mechanism to prevent the quark from escaping from the
hadron, providing that the free quark cannot be observed.

Figure ?? shows a possible parton diagram of the p production in pp collision. Two
quarks from each proton scatter each other away from their parent protons. However,
as discussed above, the colour lines of forces are stretched into tube-like forms, until the
potential energy of the colour field is large enough to produce gg pairs. The first ¢g pair
then breaks up the tube and, being the end points, they would form another two tubes
with lower net energy. If the energy is still high enough, such a mechanism continues:
the colour lines are stretched, another ¢g pair is produced, the tube is broken.... The
process continues until the quark energy has degraded into clusters of quarks with zero
net colour and low internal momentum. The cluster of quarks can then be confined and
could hadronise into hadrons [?].

In evaluating the inclusive cross section, consider an inclusive interaction AB — C'X,
where C' is the inclusive particle, and X represents all other particles which could be
produced in this interaction. Consider that the incoming particles A and B contain
partons a and b, which scatter and produce partons ¢ and d with a transverse momentum
pr. According to the Uncertainty Principle, the time interval 7 within which parton
scattering occurs is

h
T~ — (5.41)
prc
Partons ¢ and d hadronise by confinement mechanism after some time interval. Figure ??
shows the diagram of such an interaction [?].
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Figure 5.3: A possible parton diagram of p production from pp collision. See the text for
the related physics and the explanation of this figure.

Figure 5.4: The hadronic interaction AB — CX in terms of parton sub-process ab — ¢d,
the structure functions f%, fy and the fragmentation function DS [7].
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The parton picture is mostly formulated also in the infinite momentum frame, in which,
the nucleon is moving fast enough so that the longitudinal size of the nucleon is contracted
by a factor of M/P with respect to its size in the rest frame, resulting that the partons
in a nucleon look like to be distributed on a disc in this frame. In the infinite momentum
frame, a structure function f$(z,) is defined as the probability that, hadron A contains
a parton a which carries a fraction x, = Zf—z of the momentum of A, with 0 < z, < 1.
A fragmentation function DY(z.) is defined as the probability that, the outgoing parton
¢ produces a hadron C carrying a momentum fraction z. = 7;—5, for which, 0 < z. < 1.
Neglect any momentum a might have in direction transverse to the beam direction and,
assume the masses of hadrons and partons as well are small compared with their momenta.
So, under such constrains, the four-momenta of A and a can be written as

pﬁl = (pAvoaova)a Pg = (Pa;O,O,Pa) = «’L”a(pA,O,O,pA) (542)

By the definition in Eq. (??), the invariant variables for AB — CX are
s = (P +pp) = 2p4 - Ps (5.43)
t = (Ph—pb) =~ —2ps-po (5.44)

where \/—t is the defined invariant four-momentum transfer from A to C' [?]. For the
parton sub-process, ab — cd, the invariant variables as defined in Eqs. (??7) and (??) are
given as

s = (Pg + p5)2 =~ 2pa Py = 2.1’,11?pr P = TgTpS (545)
— 239(1 xat
t = (pi—p!) ~ —2p,-p. = — —PaPc = (5.46)

Assume that C is produced collinearly with ¢ and the fragmentation function D¢ depends
only on z. and is also independent of the nature of the initial state. Then the invariant
cross section for AB — C'X is the weighted sum of the differential cross section ‘fl—if of all
possible contributing scatterings, over all momentum space [?, ?]:

1 do

T a8 CX) = X [ [ deadeafi(e) falon ——27 (ab = cd) DE (=) (5.47)
d*pc _abcd o Jo Tal@tb]alTa) T BT Tz, dt “ ¢ c \Ze :

Ec

Thus, if the structure functions, the fragmentation function and the cross sections for all
parton sub-processes are known, the inclusive cross section for the hadron nuclear process
AB — CX can be calculated via Eq. (?7).

The exact form of parton-parton differential cross section is unknown. However, its
first-order perturbation value can be derived by QCD, with a form [?, ?]

do  mallAl?
dt 82
where a, = ¢g2/4m, g, is the strong coupling constant and s is the invariant total energy

square E? of this two parton system. The amplitude |A|* corresponds to the quark type
involved in the parton-parton interaction and is available in Standard QCD [?].

(5.48)
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The structure function f4(x,) can be determined by two extreme regimes: z, — 1 and
x, — 0. Take the p-production interaction p 4+ p — p+ X for example. A proton is made
up of 3 quarks, i.e., uud. So, it is direct that the proton structure functions should follow
the relations

[ - e =2 [ (i) - fi@lde =15 [ 153(0) - f3()de =0 (5.49)

where x is the parton momentum fraction. All partons which make up the proton should
carry all of the proton momentum. Thus

2/01 2fi(2)de = 1 (5.50)

For the regime of * — 1, it means that one parton of the proton carries all the proton
momentum. However, the partons in a proton are bounded and the proton momentum
should be shared by all the parton constituents. So, the probability that a single parton
has carried all the proton momentum is extremely small. Thus, the behaviour of the
structure function is expected to be

flz)~(1—a) as x — 1 (5.51)

a is related to the parton number, & = 2ny — 1 [?], where n, is the minimal counting
number of partons whose momentum would vanish in this limit.

In the case of # — 0, the parton model in this limit is related to the behaviour of
hadronic scattering at high energy of the Regge Theory [?, ?]. This regime is called the
'Regge regime’ [?, ?].

5.4.4 Regge Phenomenology

Quantum Chromodynamics (QCD) [?] has successfully described the strong interac-
tion. However, its successes are limited to the perturbative regime where the strong
coupling constant is small. Nevertheless, the elastic and diffractive scatterings between
hadrons are non-perturbative and cannot currently be well described by QCD [?].

Similar to the electromagnetic QED interaction which involves the exchange of the
massless virtual photons between charged particles and also strong QCD interaction which
involves the exchange of coloured massless gluons between coloured quarks, the elastic and
diffractive hadronic scatterings involve the exchange of the Pomeron [?, ?], in which the
Pomeron is a colour singlet with the quantum numbers of the vacuum, and other mesons
like the pion or the rho meson and their related families located on the Regge trajectory.

For the scattering process AB — CX, s defined in Eq. (??) is the square of the centre
of mass energy while ¢ defined in Eq. (??) gives the scattering angle. But, the exchanged
particle involved in the scattering forms in the ¢-channel process AC' — B'D, for which,
t gives the energy while s, in turn, gives the scattering angle. So, these two channel are
related by crossing [?] and have presented the same scattering amplitude [?] but involve
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different regions of the variables s and ¢ [?]. Figure ?? shows an example of the s-channel
and ?-channel diagrams for the elastic meson-meson scattering.

The scattering involving the particle exchange can be described by the One-Particle-
Exchange Model [?]. Suppose the exchanged particle in a hadronic scattering has rest
mass My with a spin J. Then in the s-channel, the scattering amplitude associated with
such kind of exchanged particle is [?, ?]

Aﬂs,t):—% . A(s,t):—;% (5.52)

Similarly, in the ¢-channel, the scattering amplitude can be written as [?]

Ag(t,s) = —7(gi)i (A};)J = At9)=-X% 7(9‘;)i (A};)J (5.53)

where g; is the coupling constant. And, by the Principle of Crossing Symmetry [?], one
should have

A(s,t) = A(t,s) (5.54)

However, Egs. (??) and (??) have met a problem since there exists a singularity, or
pole, at points s = M?% or t = M3. In addition, the amplitude descriptions in Eqgs. (?7?)
and (??) are divergent at high energy when .J is large since the amplitudes grows as s’
and t/. Therefore, the singularity and the unphysical region should be excluded. These
difficulties can be resolved by the Regge Theory [?, ?, ?, ?], which can give the collective
effect of the exchanged particles.

A possible way to solve this difficulty was suggested by Regge in 1959 [?] who raised
an argument that the poles in the scattering amplitude correspond to the exchange of
particles carrying fixed angular momenta [?, ?] and treated the angular momentum as a
continuous, complex variable [?] and the exchange particles in a hadronic scattering have
to follow some constraints in their related angular momenta [?, ?]. These objects with
complex angular momentum are referred to as the Regge poles.

In Figure ??, since the scattering is dominated by exchange of particles (poles) in the
momentum-transfer, or say, t-channel, one can describe the scattering amplitude in the
partial wave form A;(E), £ =t, in which, J is the angular momentum and the index J,
for the Jth partial wave contributing to the scattering, implies the angular dependence

Pj(cos@). Pj(cosB) is the Legendre polynomial and the scattering angle 6 is determined
by Eq. (??)

t=(ph —pb)? = mi + mg — 2E4Ec + 2|p4||pc | cos b (5.55)
The simplest case in which, my = mp = m¢ = mp = m in a scattering AB — CD will
give the scattering angle as

2
cost =1+ = (5.56)

t — 4m?2
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for the t-channel. The angular momentum is written as a function as a(F), with real and
imaginary parts as J = Re(a(F)). The function of a(F) then shows the Regge trajectory.
So, since the function a( F') is complex, the trajectory might locate in the complex angular
momentum plane. When the pole exchange is involved in the scattering, the trajectory
starts off along the negative real axis and it might cross the origin along the positive axis
due to the dependence of the strength of the scattering potential as energy increases. The
particles involved might have a bound state of energy (smaller than the threshold) E; and
J =1, which correspond to Im(a(£)) = 0 and Re(a(F)) is some integer. As the energy
increases further and becomes greater than the threshold, the trajectory leaves the real
axis and enter the complex plan, so that the function a(E) acquires a positive imaginary
part. But, whenever the trajectory pass a point with Re(a(F)) = n, an integer, one can
have an unbound state with energy FE, and with the angular momentum n. Therefore,
the Regge trajectory will connect all poles [?]. A general way to achieve this is to consider
the particles lying on a single linear trajectory [?]

a(t) = ag+ 't (5.57)

such that a(t) passes through integer values of J at t = m?%,J =0,1,2,.... ag in Eq. (?7?)
is defined as the Regge intercept of the Regge trajectory [?]. Empirically, the Regge slope
is approximately a constant, with a value [?]

o~ 1 GeV™? (5.58)

Figure ?? shows an example of such a trajectory connecting some of the lighter meson
state in the p —n scattering. The detail in the derivation of the Regge trajectory is given
in Appendix ?7.

Now, return to the behaviour of the structure function f4(z) to see what f4(z) would
be like in the Regge regime. Since the particles in motion can be represented by plane
waves, the scattering amplitude can be taken as the superposition of the partial wave
amplitudes. So, in the ¢-channel, the scattering amplitude can be written as [?, ?]

o0

A(s,t) = Z(QJ + 1)A () Py(cos §) (5.59)

J=0
where A;(t) is the partial wave amplitude and is taken the form as [?]

R(1)

A0 =T"00

(5.60)
with R(t) as the residue function. In Eq. (??), one finds that there is a Regge pole in the

partial wave amplitude at J = «(t). With such partial wave amplitude, Eq. (??) then
becomes

A(s,t) = Ji_oz(QJ + 1)%PJ(COS 6) (5.61)
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Figure 5.5: (a) An s-channel diagram for elastic meson-meson scattering. (b) A t-channel
diagram for elastic meson-meson scattering.
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Figure 5.6: Chew-Frautschi plot of meson Regge trajectory. Figure is reproduced from Ref.
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Now consider the asymptotic case for which, s — oo at a fixed t. The scattering angle
in Eq. (??) in the asymptotic case gives cosf x (—s). So, at the poles, the Legendre
polynomial will become

S o(t)

Pj—os)(—cos ) o (—) (5.62)
50

where sq is a normalised parameter with dimension GeV?* [?]. So, if one supposes that

the Regge poles dominate the scattering, then, with the relation in (??) substituted in

Eq. (??), one can have the scattering amplitude

A(s, 1) o R(t) (i)am (5.63)

S0
In addition, in Eq. (??), one has the relation

do |A|2 g\ 2o(t)-2
— o —— o R(t (—) 5.64
dt X 52 o R() S0 ( )
According to the optical theorem [?], the total cross section associated with the scat-
tering amplitude A(s,t) together with the relation in (??) is given as [?]

1
Otorar ~ ~Im(A(s, 1 = 0)) o 577 (5.65)

And, in the Parton Model, the asymptotic limit s — oo is related to the * dependence
in the structure function in the limit @ — 0 [?]. In addition, the total scattering cross
section obtained by the Parton Model appears as [?, ?]

Ototal OX Z ejxffl(x) (5.66)

q7(j

Therefore, taking Eqs. (??) and (??) together, the structure function in the Regge regime
becomes

Fh(z) o a7 ls® O o 720 = gm20i a5 2 0 (5.67)

where «y; indicates the Regge intercept of the relevant Regge trajectory for the exchanged
particle of type i. For example, if the scattering involves the exchange of Pomeron, then
ag ~ 1 [?, ?]; for reggeon (p,w,aq, f2...), ag >~ 0.5 [?, ?]; for pion, ag =~ 0 [?]; for u and
d quarks, ag ~ 0.5 [?].

Finally, taking Eq. (??) and Eq. (??) altogether, the structure function can be written
as [?]

falz) =~ Chz™(1 — z)*rt (5.68)

where ('} is the normalisation determined by Eqs. (??) and (?7?).
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5.4.5 Fragmentation Function

The fragmentation function in Eq. (??) can be determined by the sum rules and the
limiting behaviours as z — 1 and z — 0.
By the definition of DY(z,.), one can obtain the direct result

1
203/0 2D (2)dz = 1 (5.69)
And, by the charge conservation, it requires Dg(z) to satisfy

203 ec /O DC(2) — DE())dz = e, (5.70)

The averaged multiplicity of the hadron of type C' is given as
1

<ng >=Y DS (z)d= (5.71)
9,9

g Y #min

where z,,;, 1s the lowest value in z needed to form the hadron C.
As z — 1, it means that the hadron C has taken all the parton momentum. Such a
case is quite rare. So, one expects

ch(z) ~ (1 —2)” as z — 1 (5.72)

in which, @ = 2n, — 1 where n, is the minimal possible number of partons which are left
behind by the hadron during the hadronisation [?].

In the case of z — 0, it means that the hadron C' doesn’t appear at all in the hadro-
nisation. So, the probability that the hadron C' is produced from the parton ¢ vanishes.
Thus, one expects

DY (z) ~ 27! as z — 0 (5.73)
Taking Eqgs. (?7) and (??) altogether, the fragmentation function can be obtained as
Cl o DO -1 m.—1
D/ (z) ~ D,z (1 - z) (5.74)

where DY is the normalisation constant constrained by Egs. (??) and (??) [?].



Chapter 6

Parametrised Antiproton Production
inp+p, p+Aand A+ A Collisions

The parametrisation of the antiproton production cross section in p + p and p + A
collisions was given by the multiple scattering approach in nucleon-nucleus collisions,
the Parton Model and the Regge phenomenon discussed in Chapter ??. An improved
parametrisation is presented here based on the Kalinovskii, Mokhov and Nikitin (KMN)
parametrisation [?] and least x? fitting. This reparametrisation is then compared with
the experimental measurements. By the 3-dimensional analysis, its self-consistence has
been shown. The p mean multiplicity distribution in hadron-hadron collisions can be
evaluated from this reparametrisation and is fitted by means of a dedicated functional
form. According to the analysis of the p mean multiplicity distribution, the energy range
of the validity of this formula is inferred.

The secondary atmospheric antiprotons originate from cosmic ray particles interacting
with the atmospheric nuclei. Nevertheless, cosmic rays consist of about 12% helium and
the atmosphere consists of mostly nitrogen and oxygen. Therefore, in order to correctly
evaluate the secondary atmospheric p flux, the contribution of antiprotons produced in
the collisions between these nuclei has to be taken into account. That is to say, the p
production in some specific nucleus-nucleus collisions has to be evaluated. The p mean
multiplicity in nucleus-nucleus collisions is proposed as a scaling of that in p+ p collisions,
based on the Wounded Nucleon Model descibed in Section ?? [?]. The values of the p
mean multiplicity in nucleus-nucleus collisions are then calculated due to the parametrised
p cross section in the present work. Comments about the p production calculated in these
kinds of hadronic collisions are given in the last section.

6.1 KMN Parametrisation of Inclusive Antiproton
Production in p + A Collisions

By taking into account the qualitative predictions of hadronic partons model and the
Regge phenomenology as well, Kalinovskii, Mokhov and Nikitin [?] proposed a parametrised
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effective proton-nucleus inclusive cross section for the process p4+ A — p+ X

E inel

3
(Ed O') = ol ¢y AP (1 — )92 exp(—Cs2)®(pr) (6.1)

exp(—Cexr)

(I)(pT) = eXp(—C4p%~)—|-C5 (p%+/,b2)4

(6.2)

where

v} bopr, pr<T
blpr) = { bl, pr>T

where Cy — Cs, by, I and p? are free parameters.

From the discussion of inclusive cross section of nuclear interactions in Chapter 77,
the term of A*®7) in (??) incorporates the A dependence of the cross section, A being
the mass number of the target; the term of (1 — z)“? is the form originating from quark

counting rules in the Parton Model of hadronic interactions; exp(—Csz) is characterised

by Regge regime; x = E?" is the scaling variable, in which, £* and E7 . are the total

max

energy of the inclusive particle and its maximum possible energy in the centre of mass
s—M?2 +m?2
b

X,min

frame respectively: E* = —r in which, Mx ;.in = 2m, + my is the minimum

possible mass of the recoiling particle in the relevant process and /s is the invariant mass
of the system; my in Mx ,.;, 1s the nucleon mass; pr is the transverse momentum of the

inclusive particle; xp = Q% is the transverse variable; o/t

section of the collision and is described by Eqgs. (??7) and (??). The characteristic of the
terms in ® will be discusses later in Section ?7?.

is the total reaction cross

As it will be shown below, this parametrisation described in Eqs. (??) and (??) is not
in good agreement with the experimental data using the original KMN parameters [?]
over the low energy range for the inclusive particle. Hence, a reparametrisation based on
this modified KMN parametrisation has been performed on a set of data, by applying the
x? minimisation procedure and using the MINUIT package [?].

6.2 MINUIT: Function Minimisation and Error Anal-
ysis

The MINUIT package [?], available from the CERN Program Library, is conceived as
a tool to find the minimum value of a multi-parameter function and analyse the shape
of the function around the minimum. The principal application is foreseen for statistical
analysis, working on x? or log-likehood functions, to compute the best-fit values and also
the uncertainties of the parameters, including correlations between the parameters.

For a quick review on the function and running procedure of MINUIT, one can refer
to the reference manual [?].
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6.3 Reparametrisation of Inclusive Antiproton Pro-
duction in p + A Collisions

The x? minimisation procedure is based on the MINUIT package. The set of experi-
mental data taken into account includes the measurements from Sugaya et al. [?], Abbott
et al. [?], Allaby et al. [?] and Eichten et al. [?], corresponding to the incident pro-
ton energies from 12 GeV to 24 GeV/c and the measured p transverse momentum range
extending up to about 1 GeV/c. Table ?? shows some characteristics of the included
experiments. The original parameters of the KMN parametrisation were taken as the
starting values for the minimisation procedure.

Since the original KMN parametrisation doesn’t present a good agreement with the
experimental data, the modification of functional terms based on the original KMN
parametrisation was proposed. The behaviour of the function terms ®; and ®; in the
original KMN parametrisation were first observed.

Figure ?? shows the behaviour of the first and the second terms of ® in function
of pr, corresponding to the centre of mass energy /s = 5, 6, 7, 8, 9 and 10 GeV by
the original KMN parametrisation [?]; ® = ®; + ®,, for which, ®; = exp(—C4p}) and
®, = Csexp(—Cszr)/(p>+u1*)*. By investigating each term in the function ® in Eq. (?7),
one can notice that the second term in ® is of significant magnitude for low transverse
momentum pr range, at least comparable to the first term.

As it is shown in the figure, ®, is significantly similar to ®; at low pp over the entire
range of y/s while in high energy systems in which /s is high, ®; is much greater than @,
and will dominate ® at high py range. In this case, ®; cannot be treated as the modifica-
tion term in ® in the original KMN parametrisation. And, in independent searches over
individual sets of data, it shows that good fits were obtained for energies £ > 12 GeV
with only ®;. In addition, in nuclear collisions, the probability of large pr scattering is
small so that the term ®; is required for only low energies. Therefore, in order to enforce
the above points to be satisfied, an energy-dependent cutoff function was introduced to
the function ®. Hence, ® in Eq. (??) was modified to the form as

B(pr) = expl~Cah) + € ZHC o (a (63)
(p7 + 1?)*

The choice of this energy-dependent term @3 = exp(—ay/s) is purely technical and the
resultant term of ®2®5 in the revised ® in Eq. (?7) then contributes only at low energies.
The modified parametrisation is then investigated and the new parameters are then given
based on the experimental results.

Combining all the experimental data [?, 7, 7, ?] and quoting the new forms of the
inclusive cross section in (??) and (??), the x* minimisation performed with MINUIT
has been achieved and the best fitting parameters are obtained. The results are shown in
Table ??. The difference between the new set of parameters and those from the original
KMN parametrisation [?] is also shown in the same table.

In minimising x?2, it has to be noted that, the error of measurement reported by Sugaya
et al. is only about 1~2% [?]. This small error would drastically constrain the least x?
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fitting. However, such a small error is not realistic because even if the statistical errors are
small, the systematic error coming from the uncertainties from the calibration of incident
beam intensity, and the spectrometer acceptance, etc, would give an overall uncertainty
of the order of about 15% [?, ?]. So, in evaluating the best fitting x?, the experimental
error bars of data from Sugaya et al. [?] had to be set to more realistic values in the
optimisation procedure.
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Figure 6.1: The behaviour of the first and the second terms, ®, and ®,, of ® defined
in Eq. (??7) in the original KMN parametrisation [?] as a function of the transverse
momentum pr for centre of mass energy \/s as 5, 6, 7, 8, 9 and 10 GeV.

6.4 Reparametrised Antiproton Production in p + p
and p + A Collisions

The results are then compared with the experimental data together with the original
KMN parametrisation [?]. Figure ?? shows the frame dependent p production cross

section in the laboratory

d*c P? o

=— | E— A
dQdpP FE ( d3p) (64)

nv
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Table 6.1: Summary of experiments and data included.

‘ Exp. ‘ Type ‘ Ein/ Py, ‘ P ez (GeV/c) ‘ Prpmaz (GeV/c) ‘
Allaby et al. 1970 [?] | p+p | 19.2 GeV/c 14.5 0.91
Allaby et al. 1970 [?] | p+ Al | 19.2 GeV/c 14.5 0.91
Eichten et al. 1972 [?] | p + Be | 24.0 GeV/c 18.0 1.068
Eichten et al. 1972 [?] | p+ Al | 24.0 GeV/c 18.0 1.068
Abbott et al. 1993 [?] | p+ Al | 14.6 GeV/c 0.78
Sugaya et al. 1998 [?] | p+C | 12.0 GeV 2.5 0.22
Sugaya et al. 1998 [?] | p+ Al | 12.0 GeV 2.5 0.22

Table 6.2: Values of the parameters and x* by Kalinovskii [?] and this work first reported
in Ref. [?]. Note that the two values of Cs cannot be compared directly since they are
concerned with different functions. See the text.

‘ parameters ‘ KMN (1989) ‘ this work ‘

Cy 0.08 0.042257
Cy 8.6 5.9260
Cs 2.30 0.9612
Cy 4.20 2.1875
Cs 2.0 84.344
Cs 10.5 10.5
w? 1.1 0.092743
bo 0.12 0.12
r 5.0 5.0
o 2.2429
x? per point 7.30 0.544
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in function of p momentum measured at the scattering angles of 5.1° for p+ C and p+ Al
collisions at the incident energy £ = 12 GeV; P and E are the p momentum and energy
in the LS. As shown in the figure, the curve behaves quite smoothly. It has to be noted
that, even if the threshold of the p production is 7m,, antiprotons can also be produced in
a system with an energy below the threshold. This is called the subthreshold production.
It is due to the effect of the Fermi motion of nucleons in the nucleus but is not included in
the expression (??). In general, the effect of the Fermi motion is negligible for a system
above the threshold. However, according to the measurements [?], the Fermi motion
would contribute several percent to low energy p production.

On Figure 7?7 where the antiproton invariant distribution

(6.5)

inel

p = Tinel =
2nmy dédmy oo 2mmy dédmr o

1 d*n 1 1 d*o 1 o
dp

nY

is shown as a function of the antiproton transverse mass difference dmy = myp — mq for
the incident momentum of 14.6 GeV/c for p + Al collision; mg is the p rest mass. The
p cross section is averaged over the rapidity range 1.0 < ¢ < 1.6, corresponding to the
measured momentum acceptance [?].

In Figure ??, the antiproton cross sections integrated over pr [?]

d 1 d 1 mazx d3
n_ ? /pT 27 pr (E—U) dpr (6.6)
0

e T anel ¢ inel 3,
df Ototal df Tiotal d P/,

Y

at an incident momentum of 19.2 GeV/c for p + p and p + Al collisions are plotted as
a function of antiproton rapidity. In this figure, it can be noted that the antiproton
production cross section is at its maximum as expected around mid-rapidity, i.e., zp =
0, in which, z is the Feynman variable defined as the ratio between the longitudinal
momentum and its maximum possible longitudinal value in the centre of mass frame, for
both p+ p and p + Al collisions. Figure ?? also provides the evidence that p multiplicity
in p + A collisions increases only slightly with the target mass and also the centrality.
This results is consistent with the measurements reported by Abbott et al. [?].

Figure ?? shows the Lorentz invariant density defined as twice the differential invariant
multiplicity [?]

E d*n 2 o
Y= prandP T on (E dSp)m 00
plotted in function of the p momentum for p + Al and p + Be collisions at an incident
momentum of 24 GeV/c. The antiproton production angles measured were at 17, 27, 37,
47, 57, 67, 87, 107 and 127 mrad. The values on the figure are multiplied by a power of
1071, i.e., 10° for 17 mrad, 107! for 27 mrad, 1072 for 37 mrad etc.

In order to investigate the continuity properties of the functional forms used together
with the incident beam energy, the target, etc, the parametrised p production cross sec-
tion is plotted as a function of its variables over the whole variable ranges. Once the
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conditions of an experiment to produce and measure the p production are given, the pos-
sible ranges of variables can be immediately determined from the reaction kinematics.
Figure ?? shows the 3-dimensional plots of the reparametrised p production as a function
of different variables respectively: p invariant distribution as a function of the transverse
mass difference and rapidity at the incident momentum of 14.6 GeV /c for p+ Al collision,
cross section as a function of p production momentum and scattering angle at the incident
energy of 12 GeV for p + C collision and also the Lorentz invariant density as a function
of p production momentum and scattering angle at the incident momentum of 24 GeV/c
for p 4+ Be collision. Figure ?? provides the evidence that this reparametrisation is valid
under the constraints of the available experiments taken into account [?, ?, ?, ?], due to
the given incident beam energies and also the chosen targets. Under this investigation,
this reparametrisation has shown the agreement with the experimental data for the inci-
dent nucleon energy at least up to about 24 GeV/n in the laboratory frame. The energy
limit of the validity of this reparametrisation will be discussed in the next section.

6.5 Antiproton Multiplicity Distribution in p+p and
p + A Collisions

In the past few decades, high quality beams became available at proton synchrotron
with increasing energies at CERN, for example, Intersecting Storage Ring (ISR), PS,
IHEP and SPS etc [?, ?, ?, ?], Fermilab (FNAL) Tevatron [?, ?, ?] and Brookhaven AGS
[?] and Relativistic Heavy Ion Collider (RHIC) [?]. The experimental data of the cross
section and the multiplicity distribution of charged hadrons in high energy hadron-hadron
collisions then provide important informations of the internal structure of hadrons, i.e.,
the compound of nuclear dynamics with QCD which is regarded as the underlying theory
of strong interactions.

However, the mean secondary charged particle multiplicity produced is quite low up to
the incident beam energy F =~ 30 GeV [?, ?]. The low multiplicity is partially due to the
fact that a leading hadron would keep a considerable fraction of its incident energy [?].
Such a fact is referred to as the leading particle effect [?, ?]. For example, in the case of
p+p collisions, a final state proton would still keep an average half of the incident energy [?]
and thus would contribute a great fraction in the final charged particle multiplicity. Thus,
the experiments were improved by applying the methods using an electronic detector, i.e.,
a set of multiwire proportional chambers inside the Split Filed Magnet (SFM) detector at
CERN ISR [?, ?]. The principal advantage of such methods is the possibility of analysing
much larger event samples, but the resulting small statistical errors necessitate a thorough
and lengthy study of possible systematic effects and errors. Another advantage is the use
of inclusive trigger with the SFM, enabling a single charged particle anywhere in the phase
space sufficient to trigger the detector. In addition, because of the magnetic field, the
particles produced at small angles due to the inelastic collisions will be swept out into the
tracking chambers, making it possible to separate the inelastic and non-single-diffractive
events.
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Figure 6.2: Antiproton cross sections measured at 5.1° in function of antiproton production
momentum for p 4+ C and p + Al collisions at an incident energy of 12 GeV compared
with the experimental data [?] and the KMN parametrisation [?].
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Figure 6.3: Antiproton invariant spectra in function of antiproton production transverse
mass difference dmp = mp — mg for p+ Al collision at an incident momentum of 14.6
GeV/c compared with the experimental data [?] and the KMN parametrisation [?].
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Figure 6.6: 3-dimensional plots of the reparametrised p production in three types: the p
invariant spectrum in function of the transverse mass difference and rapidity at incident

momentum of 14.6 GeV/c for p+ Al collision (Top Left), p
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production cross section in
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production momentum and scattering angle at the incident momentum of 24 GeV/c for

p + Be collision (Bottom).
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The experimental results [?, 7, ?] of the multiparticle production in high energy hadron-
hadron collisions indicate that, if the charged particles are produced randomly and in-
dependently, their multiplicity distribution could obey a Poisson distribution [?]. The
deviations from a Poisson distribution are then a hint of the underlying production pro-
cesses, and also a source of information about the nuclear medium effects [?].

The multiplicity of particles created in high-energy hadron collisions follows a distri-
bution with a long tail, qualitatively similar to the distribution of ionisation energy loss
(Landau distribution). The produced hadron multiplicity is generally described in terms
of the Koba-Nielsen-Olesen (KNO) variables [?], i.e., z = %, the ratio between the
multiplicity and the average multiplicity of the particles produced at the centre of mass
energy /s. However, it is found that the KNO scaling is violated in high energy collisions
[?, ?]. Therefore, another parametrised hadron-nucleus multiplicity distribution in terms
of In /s is introduced [?, 7, ?]. The multiparticle production in the hadronic collision can
be also understood as the cascade processes in the collision [?, ?], for which, cascading
means that N particles are originally emitted in the collision and each gives rise to n'
particles. So, one says that n! particles belong to a clan, whose ancestor is the i** orig-
inal particle. In Chapter ?? about the analysis of secondary antiprotons which will be
discussed later, one will find that almost all secondary antiprotons are produced after the
first collision. Therefore, almost each secondary antiproton belongs to an independent
incident particle. The multiplicity distribution of particle in a single clan may vary from
case to case but its average is found to obey a specific relation [?, 7, ?].

Figure ?? [?, ?] shows the measurement data of the mean multiplicity distributions of
both charged and negative secondaries produced in p 4+ p collisions in the whole phase
space as a function of the centre of mass energy. Figure ??7 shows the mean multiplicity
distribution of antiprotons produced calculated for p + p collision [?] by the reparametri-
sation combining Eqs. (??), (??) and the parameters in Table ??. In Figure ??, it has
to be noted that the original data (black circles) were measured by removing the single-
diffractive parts in total cross section so that the corrected ones are given by estimating 10
~ 15% in contribution to its multiplicity [?]. The corrected values from the experimental
data are also shown in the figure. Hence, after such a correction, the calculated p mean
multiplicity distribution has shown a good agreement with the experimental data up to
Vs = 25 GeV. For /s > 30 GeV, the parametrisation underestimates the p mean mul-
tiplicity. The difference between the calculations and the measurements becomes larger
at larger energies but still remains close to the experimental uncertainty of the available
experiments.

It has to be noted that, when /s is reaching 1 TeV, the calculated p mean multiplicity
will turn out to decrease. Such a decrease is not physically expected. This has provided
the upper energy limit of the validity of this parametrisation which is beyond the range
of interest of this work.

The mean multiplicity distributions for separated types of charged secondaries and for
all charged particles are available from experiments such as the SFM [?, ?], the E710
[?, ?] and the UA5 [?]. The mean multiplicity distribution for all charged particles in
p + p collisions is customarily expressed as the centre of mass energy dependence in a
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form of a polynomial in terms of Ins [?, 7, 7, ?]

<n>=A+Blns+Cln’s (6.8)
or in the formula [?]

<n>=A+Blns+Cs™' (6.9)

The constants in Eqgs. (??) and (??) are determined by the fitting procedure. Note that
a threshold value for the multiplicity was used in the parametrisations (??) and (?7)
[?, 7, ?]. Also note that the leading particle contribution has been included in the factor
A [?]. In these results, the mean multiplicity of each type of charged particle appears in
a similar shape to that of the all charged particles. Therefore, the p mean multiplicity
distribution in p 4+ p collisions could be described by using the same functional forms
shown in Eqgs. (??) and (??). The constants for the p mean multiplicity distribution in
form of (??) was reported [?] while the constants for the p mean multiplicity distribution
in form of (??) was determined in this work, by the best fitting. The constants for these
two parametrisations are shown in Table ?7.

Table 6.3: Constants for the parametrised p mean multiplicity distributions in p 4+ p col-
lisions described in forms of Eq. (??7) [2, 2, ?] and FEq. (??7) [?].

‘ Parametrisation ‘ A ‘ B ‘ C ‘
<n,>=A+Blns+ Cln*s| -020 | 0.039 | 0.37
<nzy>=A+ Blns+ Cs™! 0.09562 | -0.0530 | 0.00751

Figure ?? shows the p mean multiplicity distributions in p + p collisions as a function
of the centre of mass energy in the whole phase space from four different origins: the
experiment [?] together with its corrected values, the values calculated by the revised
parametrisation of the p production from Eqs. (??) and (??), and the parametrisations
from Eqs (?7) [?, ?, ?] and (??) [?]. In this figure, both these two parametrisations of the
p mean multiplicities have shown a better agreement with the experimental data than the
results calculated by this work for the centre of mass energy /s > 25 GeV. Nevertheless,
it has to be indicated that, according the functions used in the parametrisations (??) and
(??), these two parametrisations have the following lower limits of the validity: /s = 6.4
GeV, i.e., the incident nucleon energy £ =~ 20.89 GeV for the parametrisation (?7);
Vs = 5.37 GeV, i.e., the incident nucleon energy £ ~ 14.43 GeV for the parametrisation
(??). However, the energy range below these limits is still important to the p production
in nuclear interactions for the present work. On the other hand, as it will be discussed
later, for the interest of study on the p origins, the energy range £ > 200 GeV is of less
importance. This arguments will be briefly outlined in advance in the next section while
the details will be discussed in Chapter ?7?.



6.5 Antiproton Multiplicity Distribution in p + p and p + A Collisions 131

°r ;?

> 12
© r

= L

E

3 L

g 10 - ® p+p, ABCDHW, 1989

= L

o

Z L charged

g 3 L]
& L

=z

C

o

he

(]

2

o

£

(@]

L L)
4 L negatives
r L]
L J! o © .
L i .® [ ]
2~ °®
0 I . . . . L
6 7 8 910 20 30 40 50 60 70 8090100

5% (GeV)

Figure 6.7: The measured mean multiplicity distributions of the charged and negative
particles produced in p + p collision in the whole phase space as a function of the centre
of mass energy [?, ?].
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Figure 6.8: Antiproton mean multiplicity distribution in the whole phase space calculated
by the revised parametrisation in p+ p collision. The results are compared with the exper-
imental data [?].



132 Parametrised Antiproton Production in p+ p, p+ A and A + A Collisions

R,
.
.
PR

e
_______

10 “_;

-,
P30
.
et T
e -
PR
.
.
.

Antiproton Mean Multiplicity

® p+p, ABCDHW, 1989

M p+p, ABCDHW, 1989 (Corrected)

= p+p, this work

----- p+p, Rossi et al, 1975
----- p+p, ABCDHW, 1989

10_4 : Il Il Il Il ‘ Il Il Il Il Il Il Il Il
6 7 8 910 20 30 40 50 60 70 8090100

s'? (GeV)

Figure 6.9: Same data as in Figure ?? compared with the values calculated in this work
and the parametrisations of Eqs. (??) and (??). See the text for the discussions.

6.6 Antiproton Production in Nucleus-Nucleus Col-
lisions

The parametrised p production cross section achieved in this work was first applied to
evaluate the secondary galactic p flux [?] whose results are in a good agreement with the
measured flux [?]. It has to be noted that, due to the material composition: about 88%
of proton and 12% of helium in cosmic rays and about 90% protons and 10% of helium
being assumed in the ISM, p + p collisions are the dominant process for the secondary p
production in the Galaxy but the p production in p-nucleus and nucleus-nucleus collisions
(especially p + He and He + He collisions) should also be taken into account [?] while
the p production from such processes will enhance the p flux as a whole and also shift its
low energy tail [?] (see Figure 77).

The same argument also holds in the evaluation of the secondary atmospheric p flux.
In the material composition in the atmosphere, there are about 80% nitrogen and 20%
oxygen. Therefore, in order to correctly evaluate the secondary atmospheric p flux, in
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addition to the p production in p-nucleus collisions, it is mandatory to include some
other nucleus-nucleus collisions, especially He + He, He + N and He + O collisions. (In
the atmosphere, He + N and He + O collisions are extremely dominant.) However, the
available experimental data for the p production in these A 4+ A collisions are quite few.

In determining the p production cross section in nucleus-nucleus collisions, some ap-
proaches are currently applied: it is determined either by the Monte Carlo simulation
technique (DTUNUC) [?, ?, ?, ?], or by approximations based on the cross section of
nucleon-nucleon collisions, for example, the Wounded Nucleon Model [?, ?]. In this work,
the approach considered is the Wounded Nucleon Model since:

e According to the measurements [?], this model has successfully predicted the mul-
tiparticle production of 200 GeV/c protons, pions and kaons on Au, Ag and Mg
targets. In addition, the measurements on the charged particle multiplicity distribu-
tions in the experiments WA97 and NA57 [?] in Pb+ Pb collisions at 158 A GeV/c
have been well described by the Wounded Nucleon Model within the centrality
range.

e For the cosmic ray issue, the measurements of charged particle multiplicity distri-
butions in the central rapidity region in p + p, p + @ and a + « collisions at the
CERN ISR at the centre of mass energy /s = 31.5 and 44 GeV/n [?] and /s = 88
and 125 GeV/n [?] have shown that the data are better fitted with the Wounded
Nucleon Model than with other models.

e The p mean multiplicity distributions in p + p and p + A collisions derived by
the parametrisation developed in this work has shown a good agreement with the
experimental data within the most important and interested energy range so that
it has provided the precise module of scaling.

As discussed in the previous chapter, each type of charged particle in p+p collisions has
similar energy dependence multiplicity distribution. In this work therefore, the Wounded
Nucleon Model will be used to relate the p multiplicity in nucleus-nucleus collision to that
in p 4+ p collision. This idea is to be experimentally tested because up to now, it is still
lacking in the direct experimental data.

6.6.1 Wounded Nucleon Model

The basic assumption of the Wounded Nucleon Model [?, ?] is that, in a nuclear
collision, the average multiplicity is proportional to the number of wounded nucleons and
each wounded nucleon contributes, on the average, only once to a multiplicity equal to
half of that produced by a free nucleon-nucleon collision, for which, a wounded nucleon
means a nucleon which has undergone at least one inelastic collision in such a process.
A wounded nucleon contributes only once to the multiplicity even if it might be struck
several times by other nucleons. Such an assumption was derived from a formation time
argument, i.e., most of the hadrons emitted from the wounded nucleons of nucleus A are
only formed after A has passed nucleus B [?]. The only physical inputs to this model
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are the density distribution of the nucleons inside the nucleus and the nucleon-nucleon
cross section [?]. The average number of wounded nucleons in one nucleus and also the
probability of n wounded nucleons in a collision are then given by the nucleon-nucleon
cross section and the impact parameters too [?, ?].

By this model, the multiplicity of particles produced in a nucleus-nucleus collision is
proportional to the number of wounded nucleons which is the sum of wounded nucleons
in nucleus A and in nucleus B:

1

1
<nsp > = §(WA‘|‘WB)<nNN> = §<AUpB

O'pA

+ B ) < nyN > (610)
OAB 0AB

where wy and wpg are the numbers of wounded nucleons in nucleus A and nucleus B
respectively; A and B are the mass numbers of nucleus A and nucleus B, 0,4 and o,p
are the nucleon-nucleus A and the nucleon-nucleus B total reaction cross sections; o4p is
the total reaction cross section for the collision between nuclei A and B.

Consider the limiting case of the expression (??) by taking A = B = p. Then

1 o o
< npp > :7(1-ﬂ+1-ﬂ)<nNN> = < ny > (6.11)
2 Opp Opp
So, Eq. (??) is self-consistent. In addition, by the relation (??), an application for a
collision between nucleon and nucleus A can be written as

1 o
<Npa > = = (Aﬂ + 1) < Ny > (6.12)
2 OpA
Therefore, with the available well described total reaction cross sections o,4, 0,5 and
0B, the p production multiplicity in nucleus-nucleus collisions based on the Wounded

Nucleon Model in Eq. (??) can be directly obtained.

6.6.2 Antiproton Mean Multiplicity Distribution in Nucleus-
Nucleus Collisions

For the p production in nucleus-nucleus collision, one can then use Eq. (??) to determine
the p mean multiplicity, in which, < n,, > can be calculated by the parametrised p
production cross sections developed in this work together with the total reaction cross
sections g4, 0, and o4p. Since the total reaction cross section remains almost constant
at the incident energy £ > 2 GeV/n [?], much smaller than the threshold of the p
production, up to the interested energy range £ = 200 GeV, one can therefore apply
the well described total inelastic cross sections of nucleon-nucleon, nucleon-nucleus and
nucleus-nucleus collisions, in Eqs. (??), (??) and (??) [?, ?], to evaluate the values of the
multiplicity < nsp > in Eq. (??). So, the scaling relations for the p mean multiplicity,
from Eqgs. (??) and (??), in He+ He, He+ N and He + O collisions are found simply as

a constant multiplier:
< ngere > = 1359 <nppe > = 1.684 < ny, > (6.13)
<ngen > = LBB2<n,ny > = 2502 < ny, > (6.14)
<ngeo > = 15718 <nyo> = 2613 <ny > (6.15)
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where < n,ge >, < n,y > and < n,0 > are determined by integrating the parametrised p
production cross section over the kinematic variables. Note that the constant multipliers
obtained above donot show a proposed simple A-dependent scaling rule as [?]

< NMap > = A1/3 < npB > (616)

It has to be indicated that, at very high energy, above several hundred GeV, the total
reaction cross section doesn’t remain constant any more but turns to increase with the
increasing incoming energy. For an example of the total cross section of pp collision, see
Figure ??. The total reaction cross section at such high energies might show a stronger
A-dependence [?]. However, this energy level is beyond the interest of the current work.
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Figure 6.10: The p multiplicity distributions in He + He, He + N and He + O collisions
scaled by the Wounded Nucleon Model based on the parametrised p production cross sec-
tions in p+ p and p + A collisions in this work, together with the experimental data in
p + p collision [?1]. The values of < ngege >, < ngeny > and < ngeo > are multiplied by
a factor of 5, 10 and 100 separately.

Figure ?? shows the p multiplicity distribution in He+ He, He+ N and He+O collisions
which are derived by the Wounded Nucleon Model in the definition (??) based on the
parametrised p production in p+ p collision achieved in this work. The experimental data
for the p multiplicity in p+p collision [?] are also shown in the figure for comparison. Since



136 Parametrised Antiproton Production in p+ p, p+ A and A + A Collisions

there is no available direct measurements on the p mean multiplicity in nucleus-nucleus
collisions, the comparison between the evaluated secondary p flux in the neighbourhood
of the Earth by including He-type collisions and the p flux measurements in balloon or
space experiments can play a role to investigate the acceptability of such a scaling rule
used in this work.

6.7 Comments on the Parametrised Inclusive Antipro-
ton Production

In conclusion, a parametrisation for the p production in p+ p and p + A collisions has
been developed. This parametrisation has shown a good agreement with the experimental
data for incident nucleon energy at least up to 24 GeV/n in the laboratory frame. By
the analysis of the p mean multiplicity distribution, this parametrisation would be able
to extend to higher energies. The p production in A + A collisions, an approach based
on the Wounded Nucleon Model is presented by scaling the parametrised p production in
p + p collisions developed in this work.

With this parametrisation, it is now possible to evaluate the secondary galactic p flux
and the secondary atmospheric p flux as well, since both of them are produced from the
same nuclear mechanisms. In the discussions in Chapter ??, one knows that the p flux
contributed by the p exotic origins such as the evaporation of primordial black holes or
the supersymmetric neutralino annihilation spreads over the low energy range. Their
contribution could be distinguishable in the energy range £ < 1 GeV, in which, there is
the hope to search for these p exotic origins. Recall Figure ?? about the p contribution
from the three origins: galactic secondaries, neutralino annihilation and the evaporation
of primordial black holes. In order to observe if this parametrisation could sufficiently
evaluate the secondary antiprotons, both galactic and atmospheric, providing the good
tool to study this issue, the p production flux at some energy levels are investigated: £ =
1 GeV, while below which, the p exotic origins will make a distinguishing shape in the
p flux; F = 2 GeV, at which, the secondary galactic p flux would have a peak and the
contribution of the p flux from the evaporation of primordial black holes and the neutralino
annihilation would shift or flatten the peak; £ = 4 and £ = 6 GeV while the contribution
of the p flux from the neutralino annihilation would still have the influence to the peak
at £/ = 2 GeV. This parametrisation is found to be sufficient for this purpose because of
the following facts which will be discussed in detail later in Chapter ??: about 96% of all
antiprotons below 6 GeV are produced by the incident nucleons with energies £ < 200
GeV/n; incident nucleons with £ < 20 GeV/n produce about 25% of all antiprotons with
energies £/ < 1 GeV; incident nucleons with energies £ < 50 GeV/n produce about 70%
of all antiprotons with energies £ < 2 GeV and about 90% of antiprotons with energies
FE <4 GeV are produced by the incident nucleons with energies £ < 100 GeV /n. Hence,
one can conclude that the incident energies up to £ ~ 200 GeV /n are the most important
and sufficient to evaluate the secondary p flux with a good precision while such an energy
range still lies in the good validity range of this parametrisation.



Chapter 7

Evaluation Technique of Secondary
Atmospheric Antiproton Flux

With the p production in p+ p, p+ A and A + A collisions developed in the previous
chapter, the secondary atmospheric p flux at different altitudes are calculated by Monte
Carlo simulation, including both p-incident and H e-incident collisions in the atmosphere.
In addition to the p production in the hadronic collisions in the atmosphere, some elements
have to be taken into account in the calculation. In this chapter, the simulation technique
is introduced and the background applied in the calculation, such as cosmic ray flux, The
solar modulation, particle propagation in the geomagnetic field, the atmospheric model
and the cross section between the produced antiproton and the atmospheric nuclei, are
discussed. the application of this technique to other atmospheric particles is outlined in
the last section. The results are shown and discussed in the next chapters.

7.1 Simulation Technique of Secondary Atmospheric
Antiproton Flux

The simulation approach used here is based on the research programme developed for
the atmospheric particles below the geomagnetic cutoff [?]. This simulation was applied
and improved in a series of articles by the AMS group at the Institut des Sciences Nu-
cléaires de Grenoble: for atmospheric protons [?], for atmospheric electrons and positrons
[?], and for light nuclei [?] in near earth orbit, for atmospheric muons and neutrinos [?, ?],
for atmospheric antineutrons [?], and for this work on atmospheric antiprotons [?, ?].

This simulation [?] was developed to study the flux of secondary particles produced
in the atmosphere due to the interactions between incident cosmic ray particles and the
atmospheric nuclei, and also to investigate which part and by which mechanism the in-
cident cosmic ray flux reaching the Earth would generate the secondary spectra. It also
provides the possibility to study its dynamical status with respect to the trapping process
observed for other populations of particles in the neighbourhood of the Earth.

The simulation applies the relations between the creation flux at the creation altitude
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and the detection flux at the detection altitude:

NCR = (I)CR'47T'SCR't (71)
Np = <I>D-47r-5D-t:/(cI)D(e)zminede)sD-t (7.2)

where ® is the particle flux, S is the sphere area and ¢ is the time scale. N¢p is the total
cosmic ray particle number created on the creation sphere and Np is the total detected
particle number on the virtual detection sphere. The subscripts C'R and D stand as
‘creation” and ’detection’. By Egs. (??) and (??), the average detection flux can be

written as
b — Np Np _ Scr Am <I> Np
b= QSDt N QSD(NOR/(I)OR47TSCR) N SD Q cR NOR
SCR 47 SD(AND/AS)
= = Pap - 7.3
S, a F Nen (7-3)

In Eq. (?7?), AAJED is the particle mean count number on the cross area AS, in which, AS
is the band area of the geomagnetic latitude range on the virtual detection sphere and
A Np is determined by counting the particle crossing number upon the virtual sphere at

the chosen detection altitude during particle propagation. £ corresponds to the detection

acceptance angle of the spectrometer required in the simulation.

7.1.1 Cosmic Ray Flux and Solar Modulation

The atmospheric p flux in this work is simulated by interacting cosmic ray particles
with atmospheric nuclei. Cosmic ray particles are generated near the Earth at a distance
of 2000 km, by applying their abundances and energy distributions at TOA [?], about
88% of protons and 12% of heliums, with the energy distributions oc E=%7 (See Figure
?7), corrected for the solar modulation effect [?]. The modulation is considered up to a
radial distance of about 10 terrestrial radii (4 Stormer length units [?]) as to ensure the
generation points to be always in the relevant initial conditions for the geomagnetic field
[?]. The other types of cosmic ray particles are neglected due to their low abundances.

For cosmic ray particles propagating in the Solar system, they suffer the solar modu-
lation which is a function of the particle energy and the radial distance [?, ?]

N(E modulated =
(E)modutated (Ex + Ze®(r))? + 2m(Ey, + Ze®(r))

Nunmodulated(Ek + Zeq)(r)) (74)

where ®(r) is the solar modulation parameter and is given in Eq. (??). The parameter ¢
varies between 350 and 1500 MV from the solar minimum to the solar maximum.

Thus, with the measured cosmic ray at TOA, the generated cosmic ray flux at the
generating distance can be evaluated for the purpose of the present work.
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7.1.2 Geomagnetic Field

Charged cosmic ray particles propagate under the geomagnetic field. The geomagnetic
field consists of two parts, the internal field (main field) of the Earth itself and the
external field driven by the Solar Wind plasma. The main field is coupled with some
minor disturbances which come from the motion of charged particles in ionosphere, the
Van Allen belts [?], and the Solar Wind. The main field dominates the geomagnetic field
up to about 10 Rg where the internal field and the interplanetary magnetic field merge.
Beyond 10 Rg, the Solar Wind becomes dominant and the magnetosphere is formed due
to the interactions between the Solar Wind and the Earth main field.

The realistic geomagnetic field is a multipole field. The geomagnetic field used in the
present work is the International Geomagnetic Reference Field (IGRF) model [?], which
is the best fit to the multipole field by compiling the geomagnetic field measurements
underwent all over the world, at both low and high altitudes. Based on the IGRF model,
the numerical model [?, ?] is used to calculated the related geomagnetic information
needed for the present work.

For the analytic reason, a simplified dipole field is frequently used. In a dipole field,
an analytic rigidity cutoff can be formulated as [?, ?]:

M cos* X B 59.6 cos* A
r2(1 + /1 —  cos Ogw cos® \)? B (r/Rg)*(1 + /1 — ( cos Ogw cos® X)?
where M is the dipole moment, X is the geomagnetic latitude, r is the radial distance,

( is the sign of the particle charge and Oz is the incident angles from the east to the
west. This rigidity cutoff indicates the minimum energy with which a cosmic ray particle

Rcutoff = (75)

can arrive at the Farth and also the minimum energy with which a particle in the Earth
neighbourhood can escape from the geomagnetic field. This rigidity cutoff can play an
important role in the atmospheric secondary p correction. Discussions will be given in
the next chapter.

Figure ?? shows the rigidity cutoff, for a particle with positive charge, in function of
the geomagnetic latitude with some different incident East-West angles of 0%, 45°,90°, 135°
and 180°, at the AMS altitude 380 km. Figure ?? shows the rigidity cutoff for a pos-
itively charged particle in function of the incident East-West angle with some different
geomagnetic latitudes at the same altitude. The Fast-West angle Ogw is defined as the
angle between the particle momentum and the direction normal to the meridian plane in
geographic coordinate: in the geographic coordinate, a particle crosses a meridian plane
at a point (r,0, ¢) giving the East-West angle

Opw = cos™! (¢ cos 0 cos ¢) (7.6)

Opw = 0 corresponds to a particle with a positive charge arriving from the geomagnetic
east.

Each curve in in Figures ?? and ?? gives the important information for the parti-
cle propagation in the geomagnetic field: particles below the curve are trapped by the
geomagnetic field while above the curve, the particles can escape from the Earth.
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Figure 7.1: The rigidity cutoff, for a positively charged particle (( = +1), in function
of the geomagnetic latitude for several incident angles at the altitude 380 km. Ogw = 0
is defined for particles coming from the east. The Fast-West effect is clearly seen: the
particles with positive charges coming from the east have suffered a stronger rigidity cutoff
(= 55 GV at the equator) than those coming from the west (=~ 10 GV at the equator).
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Figure 7.2: The rigidity cutoff for a positively charged particle in function of the Fast-West

angle for several geomagnetic latitudes at the altitude 380 km. Opw = 0 for Fast-bound
particles.
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From Figures ?? and ??, an important feature can be observed. For particles of
positive charges coming from the eastern direction would suffer stronger geomagnetic
rigidity cutoff than those with the same charge sign coming from the western direction.
As one can see in the figures, for positively charged particles coming from the west, the
rigidity cutoff around the equator is about 10 GV while the rigidity cutoff around the
equator increases to about 55 GV for particles with positive charges coming from the
east. This phenomenon is referred to as the East-West effect.

Although the realistic geomagnetic field is a multipole, the analysis under the as-
sumption of the geomagnetic dipole will give the principal characteristics related to the
geomagnetic field. In the realistic multipole, the field can be treated as the dipole ap-
proximation with disturbances.

7.1.3 Equations of Motion

As discussed in Section ?7, in a more realistic consideration on the multipole geomag-
netic field, the equations of motion become more complicated. However, the expressions
of equations of motion for charged particles propagating in a magnetic field are still valid

muv d*x dz dy
o aw - Mg TGS (7.7)
muv d?y dx dz
——=H,— - H,— .
e ds? ds ds (7.8)
v d? d d
mvd z dy o z (7.9)

e ds? ds Vds

with m = mgoy = mo(1 — 8%)7%/% and my is the particle rest mass. Now in multipole
geomagnetic field, there is no simple form for each component of the field vector H like
the dipole. In the present work, the particle propagating in the geomagnetic field is
approached by applying numerically the 4th order adaptive Runge-Kutta integration of
equations of motion, with the related geomagnetic information numerically calculated by

the IGRF model [?, ?, ?].

7.1.4 Atmospheric Model

The cosmic ray particles are allowed to interact with the nuclei in the atmosphere
during their propagation. The atmosphere can roughly be characterised as the region
from sea level to an altitude about 1000 km, where neutral gases can still be detected
[?]. Below 50 km, the atmosphere are assumed to be homogeneously mixed and can be
treated as a perfect gas. Above 80 km, the hydrostatic equilibrium gradually breaks down
as diffusion and vertical transport become important. The major species in the upper
atmosphere are Ny, O, Oy, H and He. Temperature-oriented nomenclature differentiates
the strata of the atmosphere as follows: the troposphere, from sea level up to about
10 km, where the temperature decreases; the stratosphere, from 10 km up to about 45
km, where the temperature increases; the mesosphere, from 45 km up to about 95 km,
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where the temperature decreases again; the thermosphere, from 95 km to about 400 km,
where the temperature increases again; and the exosphere, above about 400 km, where
the temperature is constant.

Some atmospheric reference models are available nowadays. In the present work, the
Mass Spectrometer Incoherent Scatter Empirical (MSISE) model [?] is applied.

The MSIS empirical model [?] is based on data measured from seven satellites and
numerous rocket probes. This model provides the estimates of temperature, and the
densities of Ny, O, Oq, H, Ar and He. Low-order spherical harmonics are used to describe
the major variations through out the atmosphere including latitude, annual, semiannual,
and simplified local time and longitude variations.

Figure ?? [?] shows the atmospheric density distributions in function of the altitude
for different atmospheric compositions. As seen in the figure, in addition to nitrogen
and oxygen, although some other elements also exist in the atmosphere, they show very
minor contribution in the particle collisions due to their thin composition. For example,
at the altitude of 1 km, the density of the most abundant atmospheric element other than
nitrogen and oxygen, argon, is about 107° g/cmS. So, the mean length for a collision
between a cosmic ray particle and the argon nucleus in the atmosphere can be estimated
as

&

mpPm

[ ~

~ 600 km (7.10)

where £ is the mean amount of matter traversed by the cosmic ray particles in the at-
mosphere, £ ~ 60 g/cmz. At the altitude of 100 km, the density of other atmospheric
compositions is comparable to that of nitrogen and oxygen. However, the atmospheric
density is very small at this altitude and the mean length for a collision of a cosmic ray
particle with the atmospheric nuclei turns out to be around 6 x 10" km. Thus the collision
rate of cosmic ray particles with atmospheric nuclei other than nitrogen and oxygen is
found to be inefficient so the collisions of cosmic ray particles with atmospheric nuclei
except nitrogen and oxygen are negligible. Therefore, the treatment by taking nitrogen
and oxygen as the only compositions of the atmosphere is good enough for the purpose
of the present work.

By integrating the atmospheric density over the altitude, the residual atmosphere can
be obtained. The result is shown in Figure ??. The altitude in the unit of residual
atmosphere is frequently used in most of related work. For reference, keep in mind that
at the BESS altitude altitude 36.50 km, the residual atmosphere is x = 5.0 g/cmz; at
the CAPRICE altitude 36.05 km, x = 5.5 g/cmz; at the AMS altitude 380 km, = ~
1078 g/cm?; at the BESS 1999 altitude 2.770 km, z = 742 g/cm”.

7.1.5 Cross Section of Antiproton with Atmospheric Nuclei

Once an antiproton is produced in the atmosphere, it might interact with the atmo-
spheric nuclei during its propagation. An antiproton may undergo elastic scattering on
atmospheric nuclei. The cross section for this process has been shown to be peaked in
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Figure 7.3: The density distributions of the atmospheric compositions in function of the
altitude [?]. The density of the sum of all compositions is also shown.

Atmospheric Residual Density (g/cm?)

(=]
Wy

107" 1 10 102 3 10*
Altitude (km)

Figure 7.4: The residual atmosphere in function of the altitude.
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the forward direction [?]. So, the corresponding p energy loss due to this process is ne-
glected. The antiproton might also annihilate on the atmospheric nucleus in a collision,
or survive from the inelastic scattering with the atmospheric nuclei. Both annihilation
and non-annihilation interactions contribute to the p inelastic cross section

[o5,.alinet R o8 + 0% (7.11)

The p annihilation cross section for the annihilation process p + A — X is found to
become small at the p incident kinetic energy E; > 10 GeV [?]. And, the p annihilation
length in the atmosphere can be approximatedly described as [?]

70.5

ann A, 2 ¢
S T JGev)=0aT — 0.0476 (g/cm’) (7.12)

At E; = 1 GeV, &7 ~ 71 g/cm2 is comparable to the mean free path of cosmic ray
particle in the atmosphere, {cp 4 >~ 60 g/ch, while at E; = 2 GeV, {7 turns be twice

of {cra. Thus, o7y would appear to be more important to the atmospheric secondary p
flux at E; <1 GeV. At higher energies, the total inelastic cross section for p+ A collisions
can then be approximately described by the p non-annihilation cross section.

The experimental data on the antiproton-nuclei annihilation cross sections [?, ?, ?]

have shown that the inelastic cross section for p+ A collision has an A dependence, being
described by [?, 7, ?]

[opalinet = oA (7.13)

The values of o¢ and a depend on the value of the total collision cross section for particle
interactions with nucleons [?]. The behaviour of the parameters oy and « indicates the
possibility of Coulomb influence on the annihilation processes at low momenta [?]. Note
that at high energies, the total cross section increases, and the index « approaches the
black disc limit of 2 [?,?, 7, ?].

Figure ?? shows an example of the total inelastic cross section for p + C' and p + C
collisions [?, ?, ?] in function of the kinetic energy of the incoming hadron. The curve for
p + C collision is obtained from the parametrised inelastic cross section in Eqgs. (??) and
(??). As to obtain the inelastic cross section for p 4 A collisions, one can apply the A?/3
dependence from the available experimental data of p-nucleus collisions [?, 7, ?].

The p non-annihilation process p+ A — p'+ A comes from the fact that the antiprotons
which interact with atmospheric nuclei do not necessarily disappear in the annihilation.
There is a probability that an antiproton can survive from such an interaction but with
an energy lower than that of the incident antiproton and the target nucleus is excited
to a resonance. Since the mean free path for the p non-annihilation cannot be directly
measured on air targets, a scaling approach based on the p non-annihilation cross section
in p+ C collisions is suggested as

[o5.4(Ep)ine

O_'/j,on E* — 0.7}071 EL 714
A= ) o B i .
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collisions.

where 077 (E;) and [0, 0(E,)|124" are available from the experiments of p + C' collisions

(7,7, ?]. [0p.4]f%" can be obtained by applying the A%*? dependence based on the ex-
perimental data of p -nucleus collisions [?, ?, ?]. Thus, the p annihilation cross section is
then obtainable. Based on the experimental data, a parametrised [0, 4]1°%4' obtained by

tnel
best fitting is used for the present work

0.67 22
(04 (E)] 2 1000 <E) -(0.68—|—M) (mb) (7.15)
P

total

where p is the p incident momentum. The curve of [o5c(F5)]i%%" from expression (?7?) is

shown in Figure ?7?.

However, the A%/®> dependence might be too over simplified. In Figure ??, the curve

total

of the inelastic cross section for p + C collisions by scaling [05,]:2.7" to carbon target
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according to the relation of A?/® dependence is shown for comparison. [o},]i%4! is taken
as the parametrised form [?]
[055(Es) i ~ 384 38p7%% — 0.169log?(p) (mb) (7.16)

It is seen that these two results differ with each other a lot. The divergence between
this curve and the data should indicate that the coefficient o¢ in Eq. (??) might be A
dependent as well.

It has to be indicated that, in the present work, the p non-annihilation process as a
process of p energy loss has not been included. However, the contribution to the p flux
due to the non-annihilation effect is found to be small over the overall results [?, 7, ?],
but one should keep in mind that, due to Eqgs. (??) and (??), this effect would become a
little bit more significant at low energy.

With all above background included, the simulation for the p production in the atmo-
sphere is then obtainable: cosmic ray particles are generated and propagate under the
solar modulation effect and the geomagnetic field. After reaching the Earth atmosphere,
the cosmic particles could collide with the atmospheric nuclei along their propagation and
produce secondary particles with the production cross sections and also the multiplicities
developed in this work. Each secondary particle is then propagating and is allowed to
collide other nuclei as the same as the step discussed previously. Each particle in its
propagation undergoes an energy loss by ionisation and, each event propagates until the
particle disappears while either it collides with a nucleus, or it is stopped in the atmo-
sphere, or it escapes to outer space beyond twice of the production altitude [?]. Therefore,
during the particle propagation, a reaction cascade can develop through the atmosphere.
The interaction products are then counted, both upwards and downwards, when they
cross the virtual sphere at the chosen detection altitude. The particles are counted each
time when they cross the detection altitude. Hence, the trapped particles will contribute
more statistically weightedly corresponding to their numbers of crossing. In the simula-
tion process, some empirical cuts constrained to the kinematics of the initial particles can
be performed as to significantly save the computer time by removing the inappropriate
events. For example, unlike the spallation cross sections that determine the observed ratio
of nuclei [?, ?], the cross section for the p production has a high threshold. So, an energy
cutoff to the incident energy would first reject the irrelevant incident nucleons.

7.2 Remarks on Simulation Results

The calculation by this simulation has successfully explained the high p flux observed
by AMS in its precursor flight in 1998 [?] below the geomagnetic cutoff to be secondaries
originating from the cosmic rays interacting with the atmospheric nuclei [?]. The sec-
ondary atmospheric p flux reproduced at the balloon altitudes by this simulations have
provided the correction to the galactic p flux at the Top of the Atmosphere (TOA) [?, ?]
and the reproduced secondary atmospheric p flux at low altitude has provided a test propo-
sition of the p calculation against the previous results [?]. In addition, the reproduced
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secondary atmospheric leptons [?, ?, ?] have been reported to show a good agreement
with the AMS measurements [?, ?] and the et over e~ flux ratio below the geomagnetic
cutoff was reported to result from the geomagnetic East-West effect combined with other
effects [?]. It was also reported [?], using this simulation, the possible sources of light
nuclei observed by the AMS below the geomagnetic cutoff [?] as the fragmentation of
the incident cosmic * He on the atmospheric nuclei and also the nuclear coalescence from
proton and *He induced reactions. The simulated flux of 2H, >H and *He, *He were
shown to be compatible with the AMS measurements [?].

In the next two chapters, the calculated secondary atmospheric p flux at different
altitudes will be compared with the measurements. The results will be also analysed and
discussed systematically.
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Chapter 8

Flux of Secondary Atmospheric
Antiprotons

Some balloon experiments such as IMAX [?, ?], MASS [?, ?], HEAT [?, ?], BESS
[?,?7,?7,?2, 72,7 ? and CAPRICE [?, ?, ?], and the space experiment AMS [?] have
collected some new data whose analyses have provided the determination of the cosmic
p flux over an energy range extending from about 0.18 GeV to 49 GeV. In the balloon
experiments, the values of the p flux at TOA was obtained by subtracting the atmospheric
p component obtained from a calculation by Stephens [?] from the values of the measured
total p flux.

In this chapter, the atmospheric p flux at both high balloon altitudes and the AMS
satellite altitude are calculated. The p production at these altitudes are analysed and
discussed. The p flux at TOA is modified by correcting for the calculated atmospheric
p component. A potential experiment at a low terrestrial altitudes is raised to test the
calculations of the atmospheric p production used for the p flux correction at TOA in
different works and also the identification capability of the existing or future detectors.
Comments are given at the end of this chapter.

8.1 Antiproton Flux at Balloon Altitudes

8.1.1 Analysis of Antiproton Production from Simulation

Table ?? shows the produced p population in function of the incident cosmic ray en-
ergies which generate the atmospheric p production at a balloon altitude 36.05 km, the
CAPRICE measurement altitude, above which, the residual atmosphere is * ~ 5.5 g/ch.
The table gives the p population plotted in several energy ranges. It is seen that about
96% of all antiprotons below 6 GeV are produced by the incident nucleons with energies
FE <200 GeV/n; incident nucleons with £ < 20 GeV /n produce about 25% of all antipro-
tons with energies £ < 1 GeV; incident nucleons with energies £ < 50 GeV /n produce
about 70% of all antiprotons with energies £ < 2 GeV and about 90% of antiprotons with
energies £/ < 4 GeV are produced by the incident nucleons with energies £ < 100 GeV /n.
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Hence, one can conclude that the incident energies up to £ ~ 200 GeV/n provide most
of the secondary atmospheric p flux. According to the discussions in Chapter ??, this
has proven the evident applicability of the parametrised p production in nuclear collisions
developed in this work for the interested purposes. Therefore, for the current work of
interest, cosmic ray particles with energies from threshold up to 200 GeV /n are the most

important.

Table 8.1: The atmospheric fractional p production population in function of the incident
cosmic ray nucleon kinetic enerqy, for the produced atmospheric antiprotons with energies

up to 1, 2, 4 and 6 GeV. Unit of energy is in GeV.

Ecr\E,| 01 | 02 ] 04 ] 06
8 0.2% | 0.1% | 0.03% | 0.03%
10 1.9% | 1.6% | 0.85% | 0.57%
15 11.8% | 10.9% | 7.03% | 5.30%
20 | 23.9% | 23.2% | 17.7% | 14.1%
50 | 73.3% | 69.7% | 65.7% | 61.3%
100 | 88.9% | 88.8% | 87.5% | 85.4%
200 | 96.7% | 96.6% | 96.2% | 95.4%

Figure ?? shows some basic features of the simulated antiproton flux. The four his-
tograms show respectively, (a) the rank distribution of the antiprotons, (b) the thickness
of matter crossed by particles, (c) the altitude distribution of the p collision points, and
(d) the altitude distribution of the p production points. It is seen in Figure ?? (a) that,
about 90% antiprotons are produced at the first collision (rank = 1) but some antipro-
tons would originate from up to the 9th collision generation (rank = 9) in the atmospheric
cascade for a given incident cosmic ray particle. The thickness of matter crossed by the
particles distributes over a range extending up to about 550 g/ch, i.e., about 9 collision
lengths. The altitude distribution of the p production has a maximum around 35 km,
with a mean value about 45 km.

Figure ?? shows the two dimensional plot of the p rank versus the incident energy of
cosmic ray particles which generate the p production. It is seen that, the atmospheric p
component comes mostly from the generating cosmic ray particles with energies around
50 GeV/n. This fact comes from that, the cosmic ray particles with energies from the
threshold of the p production up to this energy range have contributed more than 90% of
population of cosmic ray particles. Cosmic ray particles of lower energy could also generate
the production of antiprotons with large rank. It is seen that, cosmic ray particles with
energies about 30 GeV/n could still generate the p production after 4 collisions.

Figure ?? shows an important feature of results with the scatter plot of the geomagnetic
latitude of the p detection versus their number of crossing at the detection altitude of
36.05 km. It is seen that antiprotons have more crossings on the detection surface in
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Figure 8.1: Analysis of the p production at a balloon altitude x = 5.5 g/em’®: (a) The
p rank distribution of collisions in the atmosphere, (b) the thickness of matter crossed,
(¢) the altitude distribution of the p collisions and (d) the altitude distribution of the p
production.

the equatorial region. However, it doesn’t show any evident region of large crossing
multiplicity, i.e., the region in which the antiprotons are trapped by the geomagnetic
field. The reason for this will be discussed together with the same issue at the AMS
altitude in Section ?7?.

In the histogram of the p production altitude distribution in Figure ?? (d), it is found
that, a great deal of antiprotons are produced below the detection altitude of 36.05 km.
These antiprotons produced below the detection altitude are first investigated.

8.1.2 Production of Atmospheric Antiprotons below 36.05 km

In Figure ??, the crossing number of the antiprotons produced below the detection
surface is plotted (left). It is seen in the figure that some antiprotons could cross the
detection surface up to 5 times, providing that they cross the surface upwards. However,
why is there no upward p flux measurement reported at a balloon altitude? In this work,
if an antiproton is produced below the detection altitude and if it crosses the detection
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Figure 8.5: The zenith angular distributions of the p fluz at a balloon altitude 36.05 km
(x = 5.5 g/ch) for two different geomagnetic latitude regions: 0.0 < Oy < 0.2 and
1.0 < Oy < 1.2, over the full angular range. Antiprotons are crossing the detection
surface from below with angles greater than about 65.5° (0 > 2 rad).
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surface from below. If the crossing angle is smaller than the CAPRICE acceptance angle
[?, 7, ?], the event is not validated. It is found that all particles crossing the detection
surface from below correspond to angles outside the CAPRICE acceptance. The two
dimensional plot of the crossing number of all antiprotons which are produced below
the detection altitude versus their corresponding zenith angles in Figure ?? (right) has
shown that, even though a great amount of antiprotons are produced below the detection
altitude, all these antiprotons have crossed the detection surface outside the detector
acceptance. Qualitatively, at a balloon altitude, the window for detecting the upward
antiprotons is small. An upward p to be detected is most likely generated by a cosmic ray
particle about tangent to the sphere of the altitude. So, such a p has to be produced at
a greater scattering angle so as to fly into the acceptance angle. In Chapter 7?7, however,
it has been shown that, the p production cross section at large scattering angles is very
small. Figure ?? shows the two dimensional plot of crossing number on the detection
surface versus the zenith angle for the antiprotons produced below the detection altitude
xr =55 g/ch. It is seen in this figure that, in the upward region, i.e., zenith angle
6 > 7w /2, there is no event with § > 2.2 rad. So, the probability of detecting upward
antiprotons at a high balloon altitude is quite small. Nevertheless, at high detection
altitudes, for example, the AMS altitude of 380 km, the detection window for upward
particles becomes larger and the antiprotons produced below the high detection altitudes
have more chance to fly into the detector acceptance angle. This will be shown in next
section.

Quantitatively, this phenomenon can be well understood by investigating the p zenith
angle distribution. Figure ?? shows the p integrated flux in function of the zenith angle
at an altitude of ¢ ~ 5.5 g/cm®, in two different geomagnetic latitude regions: 0.0 <
Ocm < 0.2 and 1.0 < 05 < 1.2. The CAPRICE geometrical acceptance for upward and
downward particles are also shown in the figure. By the definition, § = 0° corresponds to
downwards, where 6 is the angle with respect to the zenith direction. One can see that
all antiprotons cross the detection surface from below with angles greater than about 60°,
which is larger than the acceptance angle considered here. Thus, the analysis of the p
zenith angle distribution has provided the evidence that, at a balloon altitude, the upward
p flux is unlikely to be detected with the currently available detectors [?]. The reason
that no upward antiprotons have been detected is thus made more clear for the balloon
experiments [?, 7, ?].

8.1.3 Atmospheric Antiproton Flux at Top of Atmosphere (TOA)

To determine the p and p flux at TOA from a balloon experiment, some factors have
to be taken into account. Firstly, the loss and the production of particles due to the
interaction in the material of the payload have to be considered. And, the production
of secondary antiprotons and protons in the atmosphere have to be determined. So far,
for the balloon experiments, the calculation by Papini, Grimani and Stephens [?] for the
proton, and the calculation by Stephens [?] for the antiproton have been applied. Secondly,
the transmission of the particles through the geomagnetic field has to be included so
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that the correction factor for the geomagnetic effect has to be determined [?]. With the
correction terms included, the p flux at TOA have been reported [?, ?]. They are now
shown on Figures ?? and ?? together with the simulated atmospheric p flux and the
applied reference values for the p production correction by Stephens [?].

Figures ??7 and ?? show respectively the data points obtained from the measurements
for the cosmic p flux in BESS 1998 [?] and CAPRICE 1998 [?], in which, the contribution
of the corrected atmospheric p flux is based on the calculation curves by Stephens [?]. The
atmospheric p flux calculated from the present work are also shown (histograms). On both
figures, the deduced cosmic p flux are obtained by adding back the original atmospheric
p correction [?] and subtracting the new values evaluated in this work. It is seen that,
the present work provides the atmospheric p flux on average about 20% higher than the
reference values of Stephens for energies F; > 0.5 GeV, while for energies F; < 0.5 GeV,
the calculated atmospheric p flux is lower than the original. Thus, the current work has
corrected the p flux at TOA to become about 10-15% lower than the originally deduced,
for kinetic energies above 1-2 GeV. However, at low energies, F; < 0.5 GeV, the p flux at
TOA is, conversely, modified upwards by a factor of about 10-15%. Nevertheless, it has
to be noted that, the p flux at £y < 0.5 GeV needs to be corrected by considering the
non-annihilation effect which is not yet included in the present work.

Figure ?? shows the contribution fractions of the total atmospheric p flux due to cosmic
protons and heliums respectively, in two geomagnetic latitude regions 1.0 < g < 1.2
and 0.7 < Ogpr < 0.8, according to the BESS 1998 [?] and the CAPRICE 1998 [?] mea-
surements. It is seen that, the He-induced atmospheric p flux contributes about 25 —30%
of the total atmospheric p flux in the medium energy range. The calculated contribution
by this work due to the cosmic heliums then confirms the preliminary estimates reported
earlier [?, ?], in which, the cosmic heliums were not included yet and a 15-20% more in
the atmospheric p flux evaluated previously was proposed. Therefore, after including the
cosmic heliums, an entire contribution fraction of about 25-30% from heliums is expected.
Note that at high and low energies, the values are coupled with large uncertainties. These
uncertainties come from the poor statistics of He-induced p production at these extreme
energies. The fraction distributions for cosmic ray protons and heliums have well indicated
this conclusion.

8.2 Antiproton Flux at Satellite Altitudes

8.2.1 Analysis of Antiproton Production from Simulation

In this section, the simulated atmospheric p production at the AMS altitude is inves-
tigated. As to understand the discussion about the atmospheric p production, it is good
to take this section together with Section ?? for comparison.

Figure ?? shows the geomagnetic latitude of the p detection versus their number of
crossings of the AMS altitude 380 km. Unlike the antiprotons detected at a high balloon
altitude shown in Figure ??, this figure shows that the events with large crossing multi-
plicities are strongly correlated with low latitudes, showing that a population of trapped
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particles confined in the geomagnetic latitude region 05y ~ £0.3, which is expected to
be the most experimentally observable. In order to understand this difference between
these two altitudes, the lifetimes of the produced antiprotons are plotted. Figures ?? and
?? show the two dimensional plots of the geomagnetic latitude versus the p lifetime for
the altitudes 36.05 and 380 km respectively. It is seen that, a population of longlived
antiprotons, with lifetimes up to 10 sec at the altitude of 36.05 km and about 50 sec at
380 km, is found in the polar and the subpolar regions. At the balloon altitude 36.05
km, the antiprotons populated in the equatorial region are quite shortlived. However, at
the AMS altitude 380 km, a population of longlived antiprotons can be seen in the equa-
torial region, some of which have the lifetime up to dozens of seconds. These longlived
antiprotons in the equatorial region could have long flight path and could undergo large
crossings on the virtual detection sphere at the altitude. Nevertheless, for the longlived
antiprotons in the polar and subpolar regions, most of them are found to have only one
or two crossings during their flight paths.

Figure 7?7 shows the p integrated flux in function of the zenith angle at the AMS altitude
in two different geomagnetic latitude regions: 0.0 < Oy < 0.2 and 0.8 < Oy < 0.9. The
AMS acceptance is shown in both downward and upward regions. Figure 7?7 shows the
two dimensional plot of the geomagnetic latitude versus the p zenith angle. Conversely
with lower altitude in Figure ??, the p integrated zenith angular flux shows that upward
antiprotons should be detected at this altitude. According to Figures ?? and ??. an
important feature has to be emphasised. At the AMS altitude, the expected downward
atmospheric p flux is found comparable to the upward p flux in the equatorial region.
This comes from the fact that, in the equatorial region, a high population of particles are
trapped and confined. Such a result was also observed in the p flux below the geomagnetic
cutoff in the AMS 1998 measurements [?, ?]. Furthermore, even in a high geomagnetic
latitude region, the downward p flux is still higher than the upward p flux. This is
an effect of the constraint of the zenith angular effect. In evaluating the particle flux,
the acceptance angle of the detector has to be considered. For example, for AMS, the
acceptance angle for the antiproton is about 30° with respect to zenith [?, ?] which is
indicated in Figure ??. But, it is seen in Figure ?? that, the mean angle for the upward
p trajectories in the geomagnetic latitude region 0.8 < g < 0.9 is about 1.9 rad. In
Figure 77, it is seen that, in the near equatorial region, both downward and upward p flux
are comparable while in subpolar region, the upward p flux would naturally be expected
to be larger than the downward p flux. However, the mean zenith angle for the upward
antiprotons in this region also becomes much larger than the maximal angle of detector
acceptance, thus resulting in the downward p flux to be larger than the upward p flux.
So, from Figures 7?7 and ??, the reason that the downward p flux is still more detectable
than the upward p flux at the AMS altitude is made clear as to result from the constraint
of the acceptance angle of the current available spectrometer.
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definitions for upward and downward particles are the same as in Figure ??7. The AMS
acceptance angle is also shown.

)

3
8 10
[
©
E
G 1.4
)
2
[
(=
g
g 12
o
[
(&)
102
1
0.8
0.6
— 10
0.4 :
0.2
0 L
0 0.5 1 1.5 2 2.5 3

Zenith Angle ¥ (rad)

Figure 8.13: Two dimensional plot of the geomagnetic latitude versus the zenith angle of
antiprotons produced in the whole atmosphere at the AMS altitude 380 km.
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Figure 8.14: Ezpected atmospheric p flux calculated in the present work at the AMS altitude
380 km in two geomagnetic latitude regions: 0.0 < gy < 0.2 and 0.8 < Ogpr < 0.9, for
the downward p flux (solid line) and the upward p flux (dashed line).
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Figure 8.15: Two dimensional plot of the p rigidity versus the geomagnetic latitude together
with the rigidity cutoff for several incident angles at the altitude 380 km. The Fast-West
angle 0gw = 0 for particles coming from the east.



162 Flux of Secondary Atmospheric Antiprotons

8.2.2 Antiproton Flux at the AMS Altitude

Figure ?? shows the expected atmospheric p flux at the AMS altitude in two different
regions of geomagnetic latitude, equatorial (0.0 < g < 0.2) and subpolar (0.8 < g <
0.9), for both downward and upward antiprotons. It is clearly seen that, unexpectedly,
the predicted atmospheric p flux at this altitude is still of the same order of magnitude
as the cosmic p flux obtained in Figures ?? and ??. This phenomenon comes from the
prediction that, as shown in Figure 7?7, at this altitude, a great deal of particles are trapped
by the geomagnetic field in the region close to the equator, resulting in the atmospheric
antiprotons re-enter many times the detection surface as protons do [?]. This result has
shown that, the future satellite measurements of the p flux, such as AMS, PAMELA, etc.,
should therefore have to be corrected from the atmospheric contribution and could suffer
from more uncertainties [?, ?]. So, an appropriate procedure as to extract the cosmic
p component from the measurements should consist of simultaneously and consistently
processing both satellite and balloon altitude data in order to consider constraint as much
as possible the calculations, using the same approach as in this work [?, ?]. Otherwise, in
order to reduce the atmospheric p component at this altitude, the measurements could be
underwent in a region close to the geomagnetic pole, where the atmospheric downward p
contribution entering the spectrometer turns to be relatively small.

As to improve the evaluation of the cosmic p flux from the correction of atmospheric p
component, the rigidity cutoff upon the antiprotons detected at the detection altitude can
be taken into account. Figure ?? shows the two dimensional plot of the p rigidity versus
the geomagnetic latitude at the AMS altitude 380 km. The rigidity cutoff in function
of the geomagnetic latitude is also shown in the same figure with some incident angles
of 0° 90° and 180°. Each curve would provide some important information: cosmic
ray particles with rigidities below the cutoff have no chance to penetrate through the
geomagnetic field into the lower atmosphere; particles with rigidities below the cutoff
cannot escape from the geomagnetic field either, i.e., such particles will be trapped by
the geomagnetic field. Given a detected particle, whether it is above or below the rigidity
cutoff can be immediately determined by its kinematics and the experiment constraint:
the rigidity can be known from the measured momentum; with the measured momentum
and the position of the detection, the East-West angle of the particle can be calculated; the
geomagnetic latitude is determined by the position of the detection. With such kinetic and
experimental information, it is possible to determine if the detected particle at the given
altitude is above or below the rigidity cutoff. Those particles which are bounded (trapped)
are secondaries of atmospheric origin. Thus, all those particles which are bounded by the
geomagnetic field can in principle be removed for the atmospheric production correction.
As shown in Figure ??, by the rigidity cutoff upon the antiprotons will first filter a great
deal amount of atmospheric secondary antiprotons with rigidities below 10 GV in the
geomagnetic latitude region Ogayr < 0.7. It is seen that, in high geomagnetic latitude
region, a significant amount of antiprotons could escape from the geomagnetic field, even
though their rigidities are quite low. However, in the subpolar and polar geomagnetic
region, the atmospheric secondary p component will turn to be small compared with the
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cosmic p flux.

On the other hand, as to distinguish cosmic and atmospheric secondary particle spectra
experimentally, a trajectory tracing programme [?] can be used to trace particle trajec-
tories backwards and forwards through the geomagnetic field using their measured mo-
menta. Particles are defined as cosmic rays if they are traced backwards to reach a radial
distance greater than 10Rg; particles are defined as atmospheric secondaries if they are
traced backwards to reach TOA, defined at an altitude of about 40 km. The time scale
between the source and sink is defined as the lifetime of a particle, for which, the source
is defined as the position where particles generate the secondary particle production at
TOA while the sink is defined as the position where particles re-enter the atmosphere
at TOA. By this way, two distinct components are observed: short lifetime (< 200 ms)
particles are detected over all the geomagnetic latitudes and long lifetime (> 200 ms)
particles are detected essentially at |fgas| < 0.3. This result is consistent with Figure
?? in which, it is seen that the antiprotons trapped in the geomagnetic field with large
crossing multiplicities strongly correlate to the geomagnetic latitude region 05y ~ £0.3.

Figure ?? shows the p measurements in the AMS 1998 flight [?]. Note the region of
geomagnetic latitude for the data points is the polar region 1.0 < gy < 1.2. In this
region, the atmospheric p component is found to be negligible from the p measurement
at the AMS altitude. In this figure, the p flux at TOA in measurements of BESS 1998
[?] and CAPRICE 1998 [?] corrected by the atmospheric p component calculated in this
work are also given. The corrected p flux at TOA agrees with the AMS measurements
within the measurement uncertainty. Therefore, with the data compared in this figure,
the p flux measured by AMS in polar geomagnetic region is a good approximation (~ 1%)
to the exact cosmic p flux as for protons [?, ?].

8.3 Antiproton Flux at Ground Level

The idea to consider the p flux at ground level is to investigate the confidence level
of the atmospheric p flux calculated in this work since at very low altitudes, all the
antiprotons are supposed to be secondarily produced. If the p flux at these low altitudes
are measurable, it is then possible to observe the trustworthiness of different calculations
of the atmospheric p production used for the correction.

Figures 7?7 and ?? show respectively the expected atmospheric p flux calculated by
the same simulation programme in this work in wide geomagnetic latitude regions from
equatorial to subpolar: 0.0 < gy < 0.2 and 0.7 < fgpy < 0.8 at ground level and
0.2 < Oy < 0.3 and 1.0 < Ogpr < 1.2 at an altitude of 4 km. It can be found that at
ground level, the p flux is about 0.78 x 10725 'm~2sr~! but at the altitude of 4 km, this
value would raise to 18.6 x 107257 'm~2sr~!. These values are small but still large enough
to be measured by current existing large acceptance detectors like BESS and CAPRICE or
by the future detector AMS. Therefore, an experiment at a low altitude can be proposed
to distinguish the reliability of the atmospheric p production for the correction between
the calculations by Stephens [?] and by this work. This idea was first raised in [?, ?] and
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Figure 8.16: The downward p flurz measurement by AMS 1998 [?], together with the
stmulated atmospheric p flux histogram at the AMS altitude and the corrected cosmic p
flux performed in this work. The corrected p flux at TOA from the measurements in BESS
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Figure 8.17: Fzpected atmospheric p fluz at sea level for two geomagnetic latitude regions:
0.0 < 0cm < 0.2 and 0.7 < Ogpr < 0.8,
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was soon supported by the results in the BESS 1999 measurements [?] performed at an
altitude of 2770 m.

Figure ?? shows the p data measured in BESS 1999 at 2770 m [?], together with the cal-
culations by Stephens [?] and by this work. Disagreement between the measurement data
and the calculation of Stephens is clearly seen. However, the calculation by the present
work has shown a good agreement with the measurements with uncertainties lying within
the error bars. This result has then shown the consistency between the measurements
and the present calculations, at least in the energy range in which the measurements were
performed. In addition, it has also provided the evidence of more confident applicability
of the present work than the original calculations previously applied.

8.4 Comments on Secondary Atmospheric Antipro-
tons

In summary, the secondary p flux produced by cosmic protons and heliums on the atmo-
spheric nuclei have been calculated, and are found significantly larger than the evaluation
in previous works. With the correction, the p flux at TOA is then modified downwards.
The expected p flux at the satellite altitude for the future AMS experiment at the Inter-
national Space Station (ISS) appears to be of the same order of the magnitude at high
balloon altitudes, indicating that it should be taken into account in the future measure-
ments of the cosmic p flux at this satellite altitude. The p at terrestrial altitudes expected
from the calculations in our works are found to be small but measurable and could thus
provide good grounds of testing both the calculations of the atmospheric p component in
different works and the identification capability of the existing or future devices. The low
altitude measurements of BESS 1999 have supported this conclusion.

It must be pointed out that, although the p production cross section is rather accurately
known for the p energy above about 1 GeV, over the incident energy range discussed in
Chapter 7?7, it is less well known for low energy p production, say, below about 0.5
GeV. The values calculated for the p flux should then be taken with care for low energy
antiprotons. The forthcoming experimental programmes HARP at CERN PS [?, ?] and
MIPP at Fermilab [?], aiming at systematic measurements of cross section of astrophysical
interest should fulfill this requirement in the near future.



Chapter 9

Trajectories of Secondary
Atmospheric Antiprotons at Very
High Altitudes Above the Earth

In this chapter, the atmospheric p flux at very high altitudes are investigated. It is
found that there are always some residual atmospheric antiprotons, both outward and
inward, even at a very high altitude. The discussion of these antiprotons by investigating
their final states is given. The trajectories of some types of characteristic atmospheric
antiprotons are discussed pictorially.

9.1 Antiproton Flux at Very High Altitudes

The motivation to look at the atmospheric p flux at very high altitudes is based on
the considerations as follows. In Chapter 7?7, it has been shown that, even at the AMS
satellite altitude, the expected atmospheric p flux still cannot be neglected, indicating
that the p flux measurements at this altitude would suffer from more uncertainties and
have to be taken into account the correction of the atmospheric p component all the
time. Thus, it might be an interesting question to ask at which altitude, the expected
atmospheric p flux vanishes so that the p flux measured at this altitude will become the
exact cosmic p flux. This idea is immediately proven not very practical after evaluating
the atmospheric p flux up to very high altitudes, since it can be seen that there are still
some residual atmospheric secondary antiprotons at very high altitudes.

Figures ??, ??. 7?7 and ?? show respectively the integrated atmospheric p flux in
function of the zenith angle in two different geomagnetic latitudes 0.0 < f53; < 0.2 and
0.7 < Oy < 0.8, at altitudes from 600 km up to 2800 km. Note that the values of p
flux at different altitudes are multiplied by a power of 10 for comparison. The flux are
evaluated by the same method discussed in Chapters ?? and ?7.

It is clearly seen in these figures that, above the AMS altitude, at least up to 2800 km,
there are still some residual atmospheric antiprotons with the flux magnitude of about
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Figure 9.1: The zenith angular distributions of the atmospheric p flux in the geomagnetic
latitude region 0.0 < Ogpr < 0.2 at the altitudes of 600, 800, 1000, 1200 and 1500 km.
The values are multiplied by a power of 10, i.e., 10 for 800 km, 100 for 1000 km etc as

indicated on the figure. The definitions of upward and downward particles are the same
as in Chapter ?77.
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Figure 9.2: The zenith angular distributions of the atmospheric p flux in the geomagnetic
latitude region 0.7 < Ogar < 0.8 at the same altitudes as in Figure ??7. The multiplication
factors on flux and the definitions of upward and downward particles are also the same.
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Figure 9.3: The zenith angular distributions of the atmospheric p flux in the geomagnetic
latitude region 0.0 < Ogpr < 0.2 at the altitudes of 1800, 2000, 2300, 2500 and 2800 km.
The values are multiplied by a power of 10, t.e., 10 for 1800 km, 100 for 2000 km etc.

The other definitions and the configuration in the figure are the same as in Figure ?7.
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Figure 9.4: The zenith angular distributions of the atmospheric p flux in the geomagnetic

latitude region 0.7 < Oy < 0.8 at the same altitudes as in Figure 77?.
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some percent up to 10% of the evaluated cosmic antiprotons discussed in Chapter ?7.
Thus, the idea to find an altitude at which the atmospheric p flux vanishes doesn’t seem
practical. In addition, it can also be seen in the figures that, from equatorial to subpolar
regions, both upward and downward atmospheric p flux are still comparable to each other
at very high altitudes but it is seen the upward atmospheric p flux becomes larger than
the downward atmospheric p flux over the full angular range as the altitude increases,
as naturally expected. In the discussions in Chapter ??, all atmospheric antiprotons are
produced below the altitude of about 100 km. Thus, the fact that both upward and
downward atmospheric p flux are comparable at high altitudes implies that, at a high
altitude, after outward atmospheric antiprotons cross the virtual detection sphere at this
altitude, most of them should return to cross this sphere again, contributing as the inward
flux. The overall outward flux is higher than the inward flux as expected for particles
produced in the atmosphere.

Figures ?? shows the atmospheric p spectral distributions of flux, both upward and
downward, in the equatorial region 0.0 < 85 < 0.2 at the altitudes of 1800, 2000, 2300,
2500 and 2800 km. Note the values at different altitudes are multiplied by a power of 10
for comparison. Figure ?? shows the integrated flux for atmospheric antiprotons, both
upward and downward, in function of altitude from 100 km to 2800 km in the same
geomagnetic latitude region. It is seen that, at the altitude of about 500 km, the upward
and downward atmospheric p flux are almost of the same value while above 500 km, the
upward flux becomes larger than the downward flux and below 500 km, the downward
flux becomes larger than the upward flux. The deviation between these two flux increases
with altitudes away from 500 km while both flux are seen to reach their maximum at an
altitude around 750 km. Such a result is impressing.

Figure ?? show some features of the antiprotons which can cross the virtual sphere at
the altitude of 2800 km. The simulation programme used in the present work provides
the statistics of the final state of each produced particle. Thus, the final states of all
produced antiprotons are investigated here. The definitions for the signatures used for
the particle final state are given in Table ??, while Figure ?? (a) and (b) show the
final states of the antiprotons crossing the virtual sphere at the altitude of 2800 km,
both outwards and inwards. It is seen that, the numbers of both outward and inward
antiprotons which are finally annihilated in the interactions with atmospheric nuclei are
comparable to each other. This implies a fact that, even at the altitude of 2800 km, most
of outward atmospheric antiprotons would turn around after some duration, cross the the
virtual sphere, re-enter again the atmosphere, collide with atmospheric nuclei and finally
become annihilated in the atmosphere. This provides the reason that both downward
and upward atmospheric p flux at high altitudes to be still comparable to each other. In
addition, also in the histograms Figure ?? (a) and (b), it can be seen that a fraction of
outward antiprotons escape the Earth (with the final state signature 4). These antiprotons
would cross the virtual sphere at the altitude outwards only once, or one time more than
the number of their inward crossings if they could turn around. So, this histogram are
consistent with the natural expectation of the upward atmospheric p flux at high altitudes
being higher than the downward p flux. Therefore, the histograms of the final states of
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atmospheric antiprotons in Figure ?? (a) and (b) agree to the inference made earlier in
this section.

From the previous discussion, it is concluded that a great amount of atmospheric
antiprotons could undergo round trips during their propagation near the Farth after
their production. Thus, these antiprotons could be longlived. Figure ?? (c) and (d) show
respectively the distributions of lifetime of atmospheric antiprotons at the altitude of 2800
km and their numbers of bounce during their lifetimes. It is seen that some atmospheric
antiprotons can live as long as 100 sec, with a number of bounce up to 100 times. In fact,
some events with much longer lifetime, of about 500 sec, can be found in the simulationu
results. So with their long lifetime and long journey distance, there are expected to be
some residual atmospheric antiprotons bounded by the Farth geomagnetic field even at
very high altitudes.

9.2 Trajectories of Atmospheric Antiprotons

The simulation programme used in the present work also provides the recording of
the particle trajectories. The circulation radius of a charged particle propagating in a
magnetic field depends on its charge, momentum and the magnetic field:

pcosa = 0.3ZBr (9.1)

where p is the particle momentum in GeV/c, Ze the charge, a the pitch angle, B the
magnetic field in tesla, and r the radius of curvature in meters. However, the charged
particle trajectory near the Earth is complicated since the Earth geomagnetic field is
a multipole, and, the propagating particles might interact with the atmosphere during
their paths, by energy loss, or nuclear collisions. Therefore, the particle trajectory near the
Earth is not uniform since the Earth geomagnetic field and the kinematic configurations
of particles vary with time and their positions.

The particle trajectories are evaluated in the same simulation technique with the con-
sideration of particle equations of motion in the Earth multipole geomagnetic field, the
atmospheric structure and the interactions of particles with atmospheric nuclei discussed
in Chapter ??. Some examples of p trajectories near the Earth are given as follows.

9.2.1 Examples of Atmospheric Antiproton Trajectory Near the
Earth

In this section, some examples of the atmospheric p trajectories are given. The figure
in each example gives the three dimensional plot of the p position with the Earth sphere,
the plot of the antiproton z coordinate versus the position on the meridian plane and also
the projection of the p position onto zy plane. Some configurations, such as the particle
kinetic energy, rank of collision, the particle final state, the lifetime and the number of
bounce around the Earth, are also shown in the figure.
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Figure 9.7: (a) The distribution of the final states of outward atmospheric antiprotons at
the altitude of 2800 km. See definitions in Table ??7. (b) Same as (a) for inward atmo-
spheric antiprotons. (¢) The distribution of lifetimes of atmospheric antiprotons crossing
the altitude of 2800 km. (d) The distribution of bounces of atmospheric antiprotons cross-
ing the altitude of 2800 km.

Table 9.1: Definitions of the signatures used for the particle final states.

Signature Configuration
3 trapped (over long duration, ¢ > 2000 sec)
4 escaping
5 annihilated in interaction with atmospheric nuclei
6 stopped by energy loss (F < FE.u)
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Figure 9.8: An ezample of the shortlived atmospheric p trajectory in the polar region. This
antiproton finally escapes to infinity.
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Figure 9.9: An example of a longlived atmospheric p trajectory in the subpolar region with
large crossings. This p finally escapes to infinity.
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Figure ?? shows a typical trajectory of a longlived atmospheric p in the subpolar
and polar regions. In Figure ??, it has been shown that a large population of longlived
atmospheric antiprotons is found in the polar region. More than 90% of these antiprotons
would cross only once the virtual sphere at high altitudes, even though they are longlived.
As it can be seen in Figure ??, the antiproton recoils in a vertical direction away from the
Earth. It is found that most particles in the polar region can escape the Earth because
of the low geomagmetic rigidity cutoff.

A longlived p produced in the subpolar or polar region could also cross the virtual
detection sphere at high altitudes more than once. Shown in Figure ??, a produced p
which is longlived and finally escapes to infinity can cross the sphere 7 times at the altitude
of 2Rg. However, it is found that such antiprotons are quite few in the p population, less
than 1% according to the simulation.

Figures 7?7 and ?? show the examples of the trajectories of atmospheric antiprotons,
both shortlived and longlived, in low geomagnetic latitude region. It is found that both
shortlived and longlived antiprotons can contribute to large crossing multiplicity at high
altitudes. This result agrees to the discussion in the previous chapter. It is also seen
in Figure ?? that, the antiproton could be trapped with the trajectory within a wide
domain, speading up to about 3R away from the geocentric origin. Also note that these
trajectories are those for the atmospheric antiprotons which can cross the virtual sphere
at the altitude 2800 km. It should be emphasised that, in both Figure ??7 and Figure
??, the antiprotons are finally annihilated in the interactions with atmospheric nuclei.
However, even though they could cross the altitude 2800 km many times, their ranks of
collision are just one. In the simulation result moreover, some longlived antiprotons with
hundreds of bounces but with their ranks of collision of 1, are seen. So, this implies that
the trajectory of a charged particle in the realistic Earth geomagnetic field is extremely
complicated and it seems impossible to well explain the particle trapped trajectories at
such high altitudes in terms of of usual variables.

9.3 Remarks on Atmospheric Antiproton Flux at Very
High Altitudes

It is found that there are always some residual atmospheric antiprotons which could
cross the virtual sphere at very high altitudes, both inwards and outwards. This implies
that it is not practical trying to measure the pure cosmic p flux in the neighbourhood of the
Earth. Therefore, the correction of secondary atmospheric p flux will be always required
to evaluate the cosmic p flux. Hence, it turns to be more practical to correct the secondary
atmospheric antiprotons by applying some other efforts discussed in the previous chapter,
such as the analysis of the rigidity cutoff or the particle forward and backward tracing.
These methods are supposed to filter away most of the absolute atmospheric antiprotons.



176 Trajectories of Secondary Atmospheric Antiprotons at Very High Altitudes Above the Earth

N

z (Re)

1 2 3 4
(+y)" (Re)

O [T TP P T

-1
(2+1.56789e—07) VS. (y*1.56789e—07) VS, (x*1.56789e—07)

2 3
I L
> | .
2 r Energy : 5.66118 CeV
’ L Rank of Collision © 1
L Final State ! 5
o & Lifetime . 0.726245 sec
L Number of Bounce : 13
-1 ;
-2 ;
N I IR L
-2 0 2
x (Re)

Figure 9.10: An example of the trajectory of a shortlived atmospheric p with large crossing
multiplicity at high altitude in the equatorial region. The p is annihilated in the interaction
with atmospheric nuclei finally.
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Figure 9.11: An example of the trajectory of a longlived atmospheric p with very large
crossing multiplicity in the equatorial region. This p is also annihilated in the interaction
with atmospheric nuclei at the end of its lifetime.



Chapter 10

Flux of Atmospheric Protons at Low
Altitudes

In this short chapter, the proton flux at different altitudes are evaluated by the present
simulation, and compared with the experimental data. The deviations observed for the
proton flux at the altitudes of 5.75 km and 2.77 km between the simulated flux and the
measurements are discussed. Although a careful investigation of the proton flux at low
altitudes i1s not the principal object of this thesis, it provides some useful indication on
the consistency of the approach.

10.1 Atmospheric Proton Flux at Low Altitudes

The absolute flux and spectra of cosmic protons are essential and fundamental refer-
ences to cosmic ray study. Their interstellar spectrum, which in principle could be derived
from the measurements at TOA of the Earth by demodulating the observed spectra for
solar modulation, is very important to understand the Galactic propagation and acceler-
ation mechanisms of cosmic ray particles. The protons which enter the Earth atmosphere
can give rise to secondary particle production: the antiprotons, whose interest of study
has been discussed in the previous chapters of this thesis; the neutrinos, which are the
decay product of muons or pions, are of special interest in view of so-called "atmospheric
neutrino anomaly’ [?]. A precise understanding of cosmic p flux could then help reduce
the uncertainty in the neutrino flux calculation. This is of great importance for under-
standing the apparent deficit of muonlike neutrinos in underground neutrino detection
experiments [?].

Measurements of the p energy spectrum have been performed in various experiments
at different altitudes. In the AMS 1998 experiment [?, ?], a high flux proton component
was observed below the geomagnetic cutoff and can be well accounted for as the secondary
particles originating from the interactions of cosmic ray particles with the atmospheric
nuclei [?]. At high balloon altitudes, early experiments [?, ?] have reported p spectra
different by a factor as large as 2, for energies £ > 10 GeV. Such differences might come
from the imprecise or incomplete knowledge of detector efficiencies [?]. More current
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experiments like BESS [?, ?] and CAPRICE [?] etc., are able to measure the detector
efficiencies more accurately and the p spectra at TOA measured by these experiments
have shown a good agreement at energies £ > 10 GeV. However, at energies £ < 10
GeV, the reported p spectra at TOA have shown a disagreement as large as a factor of
about 2. The difference at the energy range £ < 10 GeV might come from the less correct
knowledge of detector efficiencies at low energies or the incomplete understanding of the
atmospheric proton production in this energy range.

Just like the antiprotons discussed in the previous chapters, the measured protons
at high balloon altitudes should be a superposition of cosmic protons and atmospheric
secondaries. Thus, for evaluating the p flux at TOA, one has to correct the measured p
flux by subtracting the atmospheric p component. So far, in most balloon experiments,
the calculations of atmospheric p flux by Papini, Grimani and Stephens [?] have been
used. However, it was found [?] that, at a low altitude of 2770 m, the simulation results
of GEANT/GHEISHA have reproduced the same shape of the measured p spectrum but
the absolute flux deviates from the observed flux by a factor about 2 for low energy
protons. Since at such a low altitude, all the protons measured should be secondaries,
the deviation might firstly possibly come from the less correct estimate of atmospheric
proton component. Therefore, in this chapter, the attention focuses on the atmospheric
p flux at low altitudes for investigations.

Figure ??7 shows the evaluated proton flux at some different altitudes, from 2.77 km to
29.93 km, together with the measurement results by different groups [?, ?, ?, 7. ?]. The
p flux at the AMS altitude, both from the present work and the measurement [?, ?], are
shown as the p flux at TOA. Note that a factor by a power of 107! is multiplied to the
flux values, as indicated in the figure.

It is seen that, the simulation results of the present work do reproduce the same shape
and magnitude of the p flux measurements at all altitudes except at the altitude of 5.75
km measured in the CAPRICE 1994 experiment [?]. Since the p flux measured at different
altitudes by different groups have reported the same shape of the p flux, the apparent
deviation of the p flux at the altitude of 5.75 km might indicate a less accuracy in the p
flux measurement at this altitude performed in the CAPRICE 1994 experiment [?].

In addition, it is seen that, at the altitude of 2.77 km, the present simulation overes-
timates the p flux, deviating from the observed flux [?], by a factor of about 2 over the
measurement energy. Therefore, the present work has shown the same deviation in the
proton flux at the altitude of 2.77 km as reported [?]. However, it must be noted that
most protons at low altitudes are produced as N** rank of collision in the air cascade. At
2.77 km, for example, the mean rank of collision of protons is N = 6.7. So the production
cross section of a proton detected at this altitude is ~ (o). Therefore, a small deviation
of the calculated cross section from the experimental cross section could then easily ac-
count for the observed deviation factor of 2. According to simulation results, it is found
that above the altitude of 20 km, the effect of the N rank of collision can be neglected
since above this altitude, the protons of multi-ranks of collisions have contributed a pop-
ulation of only several percent of total proton amount, while below the altitude of 20 km,
the phenomenon becomes more diverse and would require more careful investigations and
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calculations. On the other hand, the deviation of the p flux at low energies might also
suggest the corresponding cross section should be re-measured.



Conclusions and Perspectives

The present work in this thesis has met with success in some aspects which are outlined
as follows.

For the p production in nuclear collisions, the parametrised inclusive cross section has
been found to show a good agreement with the experimental data for incident nucleon
energy at least up to 24 GeV/n in the laboratory frame, in p+ p and p+ A collisions. By
the analysis of the p mean multiplicity distribution in p+ p collisions, this parametrisation
was also shown to match the experimental data at least up to the centre of mass energy
Vs ~ 25 GeV. This energy range is the most important for the related study of the
primary p origins by the analysis of the cosmic p spectrum.

For the atmospheric p component, it was found that, the cosmic He-induced colli-
sions contribute about 30% of the total atmospheric p component, and, the secondary
atmospheric p flux used to correct the cosmic p flux at TOA in previous studies were
probably underestimated. The expectedly more realistic corrections for the evaluations
of the cosmic p flux at TOA have been given for different experiments. The accuracy
of the present calculations on the atmospheric p flux has been confirmed by comparison
with the p measurements at the altitude of 2.77 km, whose data have shown an apparent
deviation compared with the previous calculations but are shown to be in good agreement
with the present calculations. According to the present work, the identification window
for the supersymmetric neutralinos by detecting antiprotons at balloon altitudes has been
reduced.

Based on the analysis on the zenith angular distribution of the p flux, at both high
balloon and satellite AMS altitudes, the reason that no upward antiprotons have been
detected at high balloon altitudes is now well explained.

It was also found that, even at the AMS altitude, the atmospheric p flux in the equa-
torial region still has the same magnitude of the evaluated cosmic p flux. It implies that
the correction of the atmospheric p component onto the cosmic p flux is always necessary.
On the other hand, in the subpolar and polar regions, the p flux measured by AMS is
almost the exact cosmic p flux, with only about 2-3% of atmospheric p component. This
means that in the future, AMS will provide more direct p measurements for the related
studies.

At the AMS altitude, the particle crossing multiplicity is strongly correlated with
low geomagnetic latitude while at balloon altitudes, this correlation is not obvious. By
observing the atmospheric p trajectories with their lifetimes, such a correlation is now
well understood.
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The p flux calculated by the present work at different altitudes have shown the good
agreements with the experimental data measured by different groups, except at low alti-
tudes. The source of this deviation has been suggested to come from the multi-rank of
collision in the air cascade, which amplifies minor deviation of the calculated cross section
with respect to the experimental values. In addition, in order to investigate this problem
more carefully, the re-measurements of the corresponding cross section is also suggested.

For future works, the secondary galactic p flux arriving at the Earth can be re-evaluated
combining the results of the present work and the cosmic ray propagation. Thus, a better
calculation for the galactic p flux can be expected. In addition, more attention should
go in the future to the p flux, both cosmic and atmospheric, at energies £ < 0.5 GeV.
It is already seen that, the present work has reproduced the p flux consistent with the
experimental data at energies above 0.5 GeV. For the study on the primary p origins, the
energy range of I/ < 1 GeV is the most important. However, low energy p production
is still not well known experimentally. So, future calculations should take low energy
antiprotons into account with great care. The forthcoming experiments HARP and MIPP
will provide more reliable information for this. With the better evaluation of p flux in
the future, a better upper limit for the identification of the p primary origins, like the
annihilation of supersymmetric neutralinos and the evaporation of primordial black holes
could be given.

Above thousands of kilometres above the Earth, some residual atmospheric antiprotons
can still be found. Their trajectories have shown great complexity. Therefore, it could be
worth working on the dynamics of these antiprotons with complex trajectories.

The integrated atmospheric p flux has shown a particular distribution with altitude. At
very high altitudes, up to thousands of kilometres, both outward and inward p flux which
turn to be constant have been discussed in this thesis, by observing their trajectories.
But, why do they have such specific distributions? Why do both upward and inward p
flux have a peak at the altitude around 750 km? Why do these two flux meet each other
at the altitude around 500 km? These questions are interesting and it is expected to have
a better understanding of the dynamics of particles, from the neighbourhood of the Earth
up to thousands of kilometres above the Earth, by answering these questions.



Appendix A

Regge Trajectory

In order to see the characteristic of the poles connected by the Regge trajectory, one
can consider an s-t symmetric Veneziano scattering amplitude [?]

A(S,t) ZQZF(_Q(S))F(_a(t)) (Al)
[(=a(s) = a(t))
where I' is the gamma function and the angular momentum distribution «(z) is taken to
depend linearly on x as

a(z) =ag+a'z (A.2)

The gamma function I'(—«) obeys the relation
M(—a) = I(—a+1) _ [(—a+2) _ [(—a+J+1) (A.3)

—a —a(—a+1) —a(—a+1)---(—a+J)
Expand I'(—a) at —a = —.J, then one can obtain
() (=1’

IN—a) = = A4
(=) (=) (=J+ 1) (—a+J) J(—a+J) (A-4)
So, I'(—a) in Eq. (??) has poles at —a =0,—1,-2,...—J,...,. Thus, expanding A(s,?)

at —a(t) = —J by using Eq. (??), one can have

P(=a(s)) (=1’
A(s,t) = ¢ :
(0 = S o) =) T (—all) + )
_1)J
= ¢*(— —1)(= — ... (= —.J)- (
(als) = Di=als) ~2)-++ (~als) — ) 5
2(a(s) + 1)(a(s) +2) -~ (afs) + J)

(A.5)

J(=a(t)+ J)
Now, the singular poles happen at —«a(t) = 0,—1,-2,...,—J,...,. So, by including all

poles, the scattering amplitude turns to be

Als.t) = 292 (afs) + 1){;'0425_)015))—'_1];@(5) +J) (A.6)
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By taking a(z) = ap + o’z in Eq. (??), for the limiting case of s > 1, A(s,t) is changed
to

> 16}/ 0 nJ—1 J
Als,t) =3 o (o) oyl A,
> =9 T (—ag — 't + J) P R = (A7)

By investigating Eq. (??7) and Eq. (?7), it shows that the scattering amplitude is the
sum of all the amplitudes for the exchange of particles with spin .JJ and mass M, following

J—Oéo

O{/

M3 = J =ay+ad' M; (A.8)

Eq. (??) represents that, in a hadronic scattering, the masses and the spins of the ex-
change particles should follow a special relation. The relation in Eq. (?7) is called Regge
trajectory with a Regge intercept ag and a Regge slope o'. So, in the high energy limit,
hadron scattering amplitudes are controlled by the exchange of particles which lie on the
Regge trajectory [?]. Empirically, the Regge slope is approximately a constant, with a
value [?]

o~ 1 GeV™? (A.9)
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