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INTRODUCTION

This thesis describes measurements of the individual gregrgctra of cosmic-ray nuclei of
boron, carbon, oxygen, and iron at high energies. Speciphasis is given to the determina-
tion of the abundance of the secondary boron nuclei, relatitheir parent element carbon.

The Earth is exposed to a steady flux of cosmic radiation, tiie &if which appears to
be of Galactic origin. However, cosmic-ray sources in théag8acould not yet have been
investigated in detail. In order to determine propertieshaf sources, propagation effects
altering cosmic-ray energy spectra and composition om tegy from the sources to the Earth
need to be understood. The major parameter for the propagaticosmic radiation in the
Galaxy is the diffusion coefficient or, in a simpler approaimn, the escape pathlength.

The elemental abundance ratio of boron to carbon is a meé&suttee escape pathlength.
Boron is not produced in nucleosynthesis processes, soltltaisanic-ray boron observed at
the Earth is the result of cosmic-ray interactions with thtenstellar medium. The longer the
time a carbon nucleus, boron’s parent nucleus, is confinddmthe Galaxy, the more boron
is produced. Thus, a measurement of the boron-to-carbamdabge ratio can determine the
average matter traversed by cosmic rays in the Galaxy.

The energy spectrum of cosmic radiation is falling very ghgevith increasing energy.
This makes the direct measurement of cosmic-rays at higlygestremely challenging, be-
cause it requires a large exposure factor and has to be deldaicthe top of the atmosphere.
Direct measurements are achieved by means of satellitelloohéorne experiments. How-
ever, balloon-borne experiments are often the preferreahsbecause of the much lower costs
compared to satellite missions. The balloon-borne TRACERdlet (“Transition Radiation
Array for Cosmic Energetic Radiation”) is designed to measosamic-ray energy spectra to
high energies for individual elements from boron to irdh € 5 to 26), and well into the
TeV/amu energy region.

TRACER is currently the largest balloon-borne cosmic-ragdietr with a geometric aper-
ture of about 5 rhsr. TRACER utilizes only electromagnetic interactions toed@ine the
charge and the energy of cosmic-ray nuclei traversing thectta. All detector components
are optimized for low weight, low power consumption, andragien in external vacuum. Af-
ter a test flight in 1999, TRACER was launched in two long-doratialloon flights: in the
year 2003 in Antarctica and in 2006 from Sweden.

In this thesis the data from the most recent flight will be présd and analyzed. All data
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analysis steps and all necessary data corrections will @ed. The absolute energy spectra
of iron, oxygen, carbon and boron will be presented. The fydoecarbon abundance ratio
will be determined up to 2 TeV/amu. All results will be disead in the light of previous
measurements and different propagation models.

The contribution of the author to the TRACER project beginhwpbst-flight hardware
testing, includes the complete data analysis for the Iflight, and ends with the interpreta-
tion of the measurement. Although the data analysis bupds the experience of the previous
measurement from the Antarctic flight, all data analysipsteave been newly evaluated, al-
tered and updated. Also, additional operations have bexnded in the analysis chain. For
the work on this project the author spent three years at thied&Rermi Institute of the Uni-
versity of Chicago (USA).

This thesis is organized as follows. The first chapter givbsef introduction to cosmic
radiation and introduces a model for cosmic-ray propagaitiothe Galaxy. In the second
chapter, the TRACER detector and its flights are describedo,Aldescription of the data
and the current status of the instrument is included in thégter. For completeness, previous
results from TRACER are outlined in Chapter three.

Chapter 4 describes analysis and signal corrections of tti@ idata. The processed sig-
nals are used for charge measurement in Chapter 5, and foetéerdnation of the energy
spectra in Chapter 6. Finally, the boron-to-carbon ratio tiedmplications of the measured
data are discussed in Chapter 7. After the concluding ChapwimBmaries in German and
Dutch are appended.



CHAPTER1

HIGH-ENERGY COSMIC RAYS IN THE
GALAXY

In this chapter a general description of Galactic cosmis faygiven. It is kept brief and the
interested reader is referred to the many textbooks andwswihat give a broader description
of the subject, for example [18,/30, 33, 54, 76, 80].

This chapter also introduces a model of cosmic radiationrasgy that cosmic rays are
accelerated in Galactic sources, and subsequently prigtgaugh the interstellar medium
and magnetic fields.

1.1 A General Introduction to Cosmic Rays

The phenomenon of cosmic radiation was discovered at thimiiag of the 20" century,
when Viktor Hess observed an increase of ionization in theaphere at high altitudes during
his famous balloon flights in 1912 [37]. He concluded thas thihnenomenon could not be
explained by terrestrial radioactivity [38], and so a newrse of radiation was later proposed
to explain his findings: cosmic radiation from outer spactpenetrating radiation” [58].

Scientists began to undertake many experiments in ordandover the nature of cosmic
radiation. There were more balloon flights, and later aftaad satellite experiments. Also
observations at sea level and at mountain altitudes werduobed, and ground arrays were
constructed, after Kolhorster [47] and Auger|[11] disceeetextensive cosmic-ray showers”
in 1938.

Cosmic radiation provides particles at energies that cammotached with man-made ac-
celerators. Until the 1950s, it was not possible to obsedmeeprimary cosmic-ray particles
directly, but only the many secondary particles that arelpced in the atmosphere. These
particles still extended to energies beyond anything acatdrs could produce. Therefore,
cosmic-ray studies led to many discoveries in particle @sysThe positron[[8], the muon
[64,177], the pion, and several strange patrticles like ttmmkaere discovered. Also, an experi-
mental proof of special relativity was provided by the olvaé&pn of time dilation of the muon
lifetime in air showers induced by cosmic rays![74].

1



2 Chapter 1. High-Energy Cosmic Rays in the Galaxy

While patrticle physics later relied more and more on the nemegsion of accelerators,
high-altitude balloon and satellite experiments made $isgimle to access primary cosmic-ray
particles above the atmosphere. Thus, cosmic-ray resbaname a subject of astrophysics.

Cosmic radiation does not mainly consist of photons, but ipogatomic nuclei. The ma-
jor component is protons, but all elements up to uranium baea found, as well as electrons,
positrons and anti-protons.

In Figurel 1.1 the elemental abundances of Galactic cosayicwiclei at low energy (GCR,
170 MeV/amu) are compared to the solar-system abundanhedréinds of the two abundance
distributions are similar for most elements. A strikingfelience occurs for light elements
below carbon (Li, Be, and B), as well as for elements lightentinan (7 = 21 to 25). These
elements are only very sparsely if at all produced by nugietbesis. They are products of
spallation processes of cosmic-ray nuclei colliding witterstellar matter. Henc@rimary
cosmic rays — like C, O, or Fe — that are accelerated in the ssuare distinguished from
secondargosmic rays — like Be, B, or Mh — that are produced by spallatiahe interstellar
medium.

The previously measured abundances of secondary elensots200 MeV/amu (Fig. 1]1)
show that nuclei at low energy have to traverse 5 to 10 g§fwfinterstellar matter before they
can be observed at the Earth. Radioactive nuclei, termedriicay clocks”, reveal a con-
finement time of these cosmic rays in the Galaxy of aldout 107 years [31, 95], which in
turn requires the average galactic density they encountee tabout 0.3 protons/émThus,
cosmic-ray particles travel mostly through the galactioh@he particles do not approach the
Earth in a straight line from their sources, but travel infude, undirected way. This can be
expected because of the randomly oriented Galactic magiedt of about 3:G [36] through
which cosmic-ray nuclei propagate.

The energy spectrum of cosmic radiation covers more tharet2des in energy and more
than 30 decades in intensity (Figlrel1.2). It can be desgrth a broken power law [61]:

. 2.75, E<4-10%eV
S BT, ya<3.05 4-10%e¢V<E<109eV (1.1)
2.75, E >10%eV.

At 10! eV the cosmic-ray intensity exceeds 1 particle pérper second, but decreases
to about 1 particle per kfrper century at 18 eV [61]. The first change in the spectral index
~ occurs at 4 PeV, called the “knee”, and a second changg thfe so-called “ankle”, may
appear at around 10 EeV. The cosmic-ray spectrum is theemeelito feature a sharp cutoff at
about6 - 10 eV, called the “GZK-cutoff” [35, 61, 96].

1.2 Sources of Galactic Cosmic Rays

Sources of Galactic cosmic rays must be able to acceleratpdtticles to the observed en-
ergies and must be able to sustain the estimated energyydefiabout 1 eV/cm of cosmic
radiation in the Galaxy.
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Figure 1.1: Abundances of element& (< 30) at about Figure 1.2: Flux of cosmic rays as a
170 MeV/amu measured by the ACE/CRIS experiment, function of energy. The power law is bro-
normalized to Si. The differences between Galactic ken at the “knee” (at 10 eV) and the
cosmic-ray (GCR) and solar-system abundances are ex- “ankle” (at 10 eV, not labeled). Com-
plained in the text.[ [53] piled by S. Swordy [23].

An acceleration process for cosmic-ray particles thatdea@ power-law energy spectrum
was first introduced by Fermi [28]. Fermi proposed that phas collide with moving mag-
netized clouds in interstellar space. Each time they erteowuncloud they gain, on average,
energy proportional to their initial energd /' = ¢F, and have a chance of escaping the cloud
P.. After n encounters they have an energy9f = Fy(1 + ¢)", and the number of particles
that gain more energy thah is given by:

N(> FE) x % (EEO) 77, (1.2)
with ()
_ MR

7= In(1+¢€) (1.3)

This results in a power-law energy spectrum. The energy geproportional to the square
of the cloud’s speed? = v?/c?, so that the acceleration takes a long time and is inefficient
especially for heavier nuclei, as Fermi already pointedmobis seminal paper [28].

In the 1970s, Fermi’s idea of stochastic acceleration wadified by Bell [15] and others.
A similar mechanism was proposed not for magnetic cloudsfdrsiexpanding shock fronts,
for example generated by supernova explosions. In thisasieragain a power-law shape of
the spectrum is obtained, but the acceleration is muchrfastause the particle gains energy
not on average, but in every encounter. The energy gain pauetere is then proportional
to 5 = v, /c (first-order Fermi acceleration). The expected power-ladex of the differential
energy spectra for acceleration at strong shocks is clogeNwote that this is smaller than the
observed value (Ed.(1.1)).
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Figure 1.3: Hillas plot (1984): Characterization of astrophysical objects with rd9pesize and mag-
netic field strength. Objects below the lines cannot accelerate particles4@®¥03 refers to the
velocity of the shock front! [39]

Energetic arguments require a power output of aliout0*’ erg s'! to sustain the pop-
ulation of cosmic rays in the Galaxy. This requires very pdulesources, as can be found
in supernova remnants (SNRs), if at least several % of thaseteenergy is assumed to be
transformed into cosmic radiation (e. g..[69, 76]).

The power-law energy spectrum, described with[Eq.(1.2gs#ricted to a maximum en-
ergy that depends on the ability of the source to confine tinécfg|a The gyro radius of the
particle in the source needs to be smaller than the souedé T$he maximum energy is then
proportional to the size and magnetic field of the source. Aegal estimate yields [39, 61]

Epaes < ZBR, (1.4)

with the magnetic field strength, radiusR of the source, and nuclear chagjef the particle.

The limit (1.4) can be used to classify astrophysical olsjest sources for cosmic rays.
This is shown in a Hillas plot [39], Figuie 1.3, where size amagnetic field strength are used
to arrange objects according to the maximum cosmic-rayggribey could reach. A constant
E.... corresponds to a diagonal line, and objects above the lenalde to accelerate a particle
to that energy. The position of the line depends, as showrthemarticle charge and the
velocity of the shock front.

Figure[1.8 shows that Galactic sources like supernova retarf{fNR) do not reach the
highest energies observed in the cosmic-ray spectrumelifieome uncertainty on the maxi-
mum energy that can be reached by Galactic sources. The maxénergy estimated ranges
from 10! eV for protons [51] to10'® eV in special cases [72]; for a review see alsa [43].
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The implied transition from Galactic to extragalactic casnadiation may occur in the energy
range around the “ankle”.

The maximum energy is also dependent on the charge of thdeeaieel species (see
Eq.[1.4). This is a possible explanation of the steepenirtigeo§pectrum at the “knee”. When
the proton (or light) component begins to reach this limit; beavier nuclei can still be ac-
celerated to higher energies, the overall effect is a steege The ground-based KASCADE
experiment investigated the composition of cosmic raybakneel|[45]. It has reported that
the composition tends to become heavier, supporting thethggis of supernova remnants
reaching their acceleration limit.

Unambiguous evidence that supernova remnants are theesoofr&alactic cosmic rays
has not yet been shown. In fact, not only the acceleratioralsatthe propagation of cosmic
rays through the Galaxy is not fully understood yet. To cohoser to the answers, many
approaches are pursued to observe cosmic rays. From nmeatheihighest energy particles
with huge ground-based arrays like Auger|[75], to satalliteat can distinguish isotopes of
cosmic radiation at low energies (e. g. ACE|[44]), or with nedt means by looking foy-ray
sources (e. g. with Fermi [10], VERITAS [92], or H.E.S.S. [AMajor contributions continue
to be made by direct observations using balloon-borne tetelike TRACER.

1.3 Propagation of Cosmic Rays in the Galaxy

For a simple model of cosmic rays in the Galaxy (illustrate&ig.[1.4), it is assumed that the
Galaxy is populated homogeneously with sources of cosrgg: @osmic rays then propagate
diffusively through the interstellar medium. This is delsed by the continuity equation for
the differential intensityV;(E) (in units of flux: m2 s~ sr-! (GeV/amu) ') of stable nuclear
component, where E is the kinetic energy per nucleon (el g. [33]):

C do i E, £’
Qi(E) + E :—Bmp/ E—kHdSE’ )Nk(E/)dE/ —
k>i >

— V(Di{(E)VN,(E)) + a%(@-(E)JV@-(E)) + V-uNi(E) + /Xp

Ny(E). (1.5)

The left hand side of the equation comprises the rate of mtomtuat the sourcé); and the
gains due to spallation of heavier nuckeinto specieg in the interstellar medium, with ve-
locity 3 = 2, the speed of light, the mass density of interstellar gasthe average mass
of an interstellar “atom’m, and the differential cross sectialr,_,;(F, E’) for spallation of
species: with energyE’ into species with energyE. The right hand side describes the losses
due to diffusion with diffusion coefficienD;, energy losses through ionization or energy gains
through reacceleration (all included bp = %—f), convection with convection velocity, and
spallation losses with spallation pathlengdth

The energy dependence of the diffusion coefficibraf Eq. (1.5) is a consequence of the
random nature of the Galactic magnetic fiéldsee for example [69, 70]). Cosmic rays are
scattered randomly (and thus diffusively) in the magne&tdfs irregularities. Particles feel
only irregularities whose sizes are of the order of theimhaur radiusl /k ~ r, = pc/ZeB
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Observer a0

Boron <— Carbon

Figure 1.4: Illustration of a simple Leaky-Box model for Galactic cosmic rays. Souro@s@smic
rays into the Galaxy, which then propagate diffusively in the interstellar etagfield until they (a)
reach the Earth, (b) escape the Galaxy, or (c) spallate into lighter nucdsi shown for the example of
carbon producing boron.

(orr, = RB with rigidity R = pc/Ze measured in volts, momentum chargeZe, the speed
of light ¢, and wavenumbek of the magnetic field fluctuations). The diffusion coeffidciean
be estimated to be ([59], in units of’s):

N | 5
on B? N 28 R
3 (BQ> ~3-10 0oV ) (1.6)

with the particles’ velocityy and the amplitude of the random field fluctuatidBs The dif-
fusion coefficient turns out to be a function of rigidify (i. e. a function of energy) as a
power-law with index. For typical Galactic magnetic field fluctuatiors;anges from 0.2 to
0.6, where 1/3 corresponds to a Kolmogorov spectrum [48]agmetic fluctuations.

The number of free parameters in E. {1.5) is so large thatalsr version is usually
adopted for the interpretation of experimental data, orernral models like GALPRORP [78]
are used.

A popular simplified model is the “Leaky-Box” model that tredlhe Galaxy as a uniform
and homogeneous volume with a homogeneous cosmic-raytyleiftsis clear that in such
a structureless volume convection has no bearing. Alsoetiseno reacceleration or energy
loss, due to ionization, taken into account. These effeats some influence on the observed
cosmic-ray fluxes, but almost exclusively at low energies.(F < 40 GeV/amu,|[71]).

The diffusion term in Eq.L(115) is simplified by introduciniget mean containment time
7(F) of cosmic rays in the Galaxy, or equivalently the escapel@ath Aes{ £):

Aesd E) = Bepr(E), (1.7)

which is interpreted as the amount of matter a particle tesseon average before it escapes the
confinement of the Galaxy. In[70] itis pointed out that theagee pathlength and the diffusion




1.3. Propagation of Cosmic Rays in the Galaxy 7

coefficientD are equivalent within the flat halo diffusion model, whégg. = pvH/(2D) with
the surface gas density of the Galactic disthe velocity of a particle, and the height of the
Galactic haloH .

Combining this and the rigidity dependenceloffrom Eq. [1.6), one expects the escape
pathlength to decrease with energy according to a power llawrder to prevent the escape
pathlength from becoming arbitrarily small, which meanatth cosmic-ray particle could
escape the Galaxy instantly, a residual pathlefgthas been introduced (e. g. [13] 81]). With
this, the escape pathlength at high-energy can be written as

Aesd E) = C- B~ + Ao, (1.8)

where/ is the power-law index introduced to describe the energgddence of the diffusion
coefficient in Eq.[(1.6).

With these simplifications outlined above, the Leaky-Boxragpnation is defined as il-
lustrated in Figl_1}4. The continuity equation for cosmidiasion in the Galaxy[(1l5) becomes

1 Q:(E) Ny,
NE) = BT+ () (600 +ZAH>

k>i

(1.9)

1
N (C-E70+ No) 7t + Ay (A)! < Bep Z Ak—n)

where the source terr®; can be written in its simplest form as a power law with source
abundances; and source spectral index The spallation term is expressed, analogous to
the diffusion term, as a spallation pathlendththat depends not on energy but on the mass
numberA of the particle. The production pathlength_,; describes the spallation gains of
element from heavier nuclek. For a target nucleus of mass the interaction pathlengths
are related to the respective cross sectioas

A= (1.10)

g

It can be seen in Eq._(1.9) that the two effects of spallatiwh @scape compete to decide
a cosmic ray’s fate. The smaller pathlength is the dominaciof, so that at high energies
(for which the escape pathlength is becoming small) thedgakrom the Galaxy is the major
propagation effect that modifies the cosmic-ray energytspec

For boron, the source term in Eq._(I1.9) is not applicable. sThhe differential boron

intensity becomes:
N : 1.11
B = )\= 1+A 1 (Z Ak—>B> ( )

esc

where the boron production stems exclusively from the apiah of heavier elements. Ex-
pressing the production of boron relative to the carbomisitg with an effective production
pathlengthA _, 5, Equation[(1.111) can be solved for the boron-to-carbomw di/C'):

B Ng AL
Z2y\_2B_ Ao 1.12
(C) NC Agslc"i_As_l’ ( )
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where itis assumed that the Lorentz factor, or energy pdeongis conserved in the spallation
process. In the equation it is evident that a measuremerteoboron-to-carbon ratio can
determine the escape pathlendth, if the spallation pathlengths are known. The equation
is discussed in more detail in Section 712.1, where it is tieedtimate the escape pathlength
from the new measurement presented in this thesis.

1.4 Direct Measurements of Cosmic Rays

For energies up to 10 eV (i. e. below the knee), cosmic radiation can be directlyerbed
above the Earth’s atmosphere. High-altitude balloons atelldes facilitate these observa-
tions, but also impose severe limitations on detector simeght, power consumption, and
especially in case of balloons, flight duration. These imgifactors restrict the total exposure
factor that can be reached, and make direct measuremerdsrofecrays extremely challeng-
ing.

Balloon-borne experiments are especially versatile as @ineyow in cost and relatively
quick to develop. Since the very beginning, they serve adiabte basis for cosmic-ray
experiments, and as a testing ground for future satelligsions. High-altitude balloons are
often the preferred means to reach the top of the atmosphere.

Direct measurements provide more accurate data on cosysdhran indirect techniques
(airshower observations) that depend on extensive simofatDirect measurements can also
resolve individual elements or even isotopes and antigh@st and have excellent energy res-
olution.

This makes direct methods the ideal tool to investigate #iailkd elemental composition
of cosmic rays up to the knee. This could constrain accéteramechanisms and determine
propagation parameters. It could also provide an anchantbrect methods and provide a
constraint on the various nuclear interaction models usdtie reconstruction of airshower
observations.

The TRACER project combines the sophistication of direct olag@n techniques with a
concept for light-weight detectors that allow a larger &erthan previously possible. The
TRACER detector (described in Chapgtér 2) does not absorb lesrtica calorimeter (weigh-
ing typically 1 ton per r per hadronic interaction length), but measures charge aed)yg
as they pass through the instrument using only electront@ginéeractions of the particles.
This allows TRACER to aim for higher energies than ever beforthe search for sources
and propagation of cosmic radiation in the Galaxy by dirdxsevvation of individual energy
spectra of cosmic-ray elements heavier than lithium.



CHAPTER 2

THE TRACER DETECTOR ITS FLIGHTS,
AND ITS STATUS

This chapter gives a description of the TRACER detector (“Sttéon Radiation Array for
Cosmic Energetic Radiation”), its flights, and the measur¢al tthat are the basis of this work.
The detector design and integration was not part of the warkhis thesis, so the description
is kept to the necessary details. A fully detailed accoutithei given in [14].

The TRACER detector was designed and constructed at the Witywef Chicago, where
also the CRN detector was constructed before. CRN [52] was thelétsctor to use a tran-
sition radiation detector (TRD) for the energy measuremémbsmic rays. In many ways,
TRACER benefits from the heritage of CRN, especially in the desigts TRD.

TRACER was flown in three balloon flights and underwent upgraedseen each flight.
Described here is the most recent configuration for thetlitght. The enhancements of the
detector implemented for this flight are significant and asctibed in Section 2.2.1.

2.1 The Balloon Flights of TRACER

The TRACER instrument has had three successful flights ondiighee balloons. For each
flight a 39 million cubic-foot balloon was used. Float alties of 36-40 km were reached,
corresponding to a residual atmospheric overburden 063)&nt. The instrument and data
have been recovered intact after each flight.

First, was a successful test flight in 1999, launched frons&imner (USA). The flight was
28 hours in duration and proved that the detector functioas and can reach its scientific
goals. Its results are reported in[29]. After this, the rastent was launched in two long-
duration balloon flights (LDB).

The first LDB flight was launched on December 12, 2003 from Maofldstation in Antarc-
tica. The flight lasted 14 days and a total ok 3.0" cosmic-ray patrticles were collected, while
TRACER completed one full circle around the South Pole. Thieungent had the distinction
of being the heaviest payload to be then launched from thiérmmort. The results of this flight
are briefly summarized in Chapter 3 and are reported in fudlitiet[12,(13].

9
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Figure 2.1: Flight trajectory of the instrument in

its Arctic flight in 2006 from Kiruna (Sweden)to ~ Figure 2.2: Profiles of altitude, atmospheric
Canada. overburden, and temperature in the instrument as

a function of flight time for the 2006 flight.

For the first two flights, the trigger threshold was set sudt the instrument had full
efficiency for the elements oxygen to irofd (= 8 to 26). In order to extend the range, such
that all elements from boron to irot¥ (= 5 to 26) could be covered, several upgrades were
realized for TRACER’s latest flight. They are described in Se¢f.2.1.

This thesis is based on the data collected during the seddoBdlight of the detector. This
flight was launched on July 8, 2006 from Kiruna (Sweden) angedito fully circle the North
Pole. Unfortunately, the flight was limited to 4.5 days du#g®lack of permission to fly over
Russian territory.

The flight trajectory is shown in Figufe 2.1. A total of<310" cosmic-ray particles were
collected with full trigger efficiency from boron to iron. €raverage atmospheric overburden
was 4.5 g/crh. Instrumental profiles, such as altitude, atmospherictaweien, and instrument
temperature profiles are shown in Figuré 2.2. The altitudbepayload, and thus the residual
atmosphere, vary on a daily basis, as the helium gas in tbgzessure balloon expands during
the day, lifting the payload higher. During nighttime, then's lower intensity decreases the
gas temperature, and the altitude drops.
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2.2 Detector Description

Overview

TRACER is designed for the measurement of energy spectra ofidndl cosmic-ray ele-
ments. Two quantities need to be measured for each eventiutiear charge’ to identify
the elemental species, and the enefgyThe detector must exhibit a large area, but may not
exceed limitations set by the lifting capabilities of lodgration balloons. These benchmarks
lead to a design using only light-weight detectors thatagikelectromagnetic processes only
to generate the measured signals.

The active detector elements arex2 n¥ in area and form a stack of 1.2 m height. The
whole instrument is supported by a 2.5 m high open supparttstre and has a mass of just
under 2000 kg. Figuriie 2.3 shows a schematic view of the deteeictive science instruments.
Two pairs ofCerenkov and Scintillation detectors sandwich a single wraportional tube
array. In total there are 1584 proportional tubes in theumsént, each 2 m long and 2 cm wide.
The single wire proportional tubes are arranged in 16 lay€he layers are arranged in two
perpendicular directions. This arrangement facilitatestajectory reconstruction through the
instrument. The proportional tube array comprises twosparhe upper eight layers of tubes
are the de/dX-array, while the lower eight layers are imtaced with four layers of radiator
material to form the transition radiation detector (TRD).

The scintillation detectors serve as triggers and, in coatimn with theCerenkov coun-
ters, measure the nuclear chatge The charge is determined at the top and the bottom of
the instrument independently in order to ensure particldsndt undergo charge-changing
interactions within the instrument.

The energy measurement is conducted in three differenggmnegions: with theerenkov
detector up to a few GeV/amu, with the dE/dX-array from alddi#600 GeV/amu, and with
the TRD above 700 GeV/amu. Response functions and energytiessl are given in Sec-
tion[2.3. The TRD is expected to saturate at energies arou00@&eV/amu. Because of the
steeply falling energy spectrum, the measurement is ldrbiecounting statistics and not by
saturation of the detector.

The instrument also includes various analog and digitaltedaic circuits to read out the
detector subsystems, format, store and transmit the dathyexeive commands from the
ground. All electronics are optimized for low power constimp. As a whole, the instru-
ment consumes less than 250 W of power, which is supplied lay power using a photo
voltaic array.

Most components of the detector, except some elements @lelc&ronics, operate at an
ambient pressure of a few mbar at float altitude. This createsnber of technical challenges,
including the danger of corona discharge at the detectoreztés under high voltage, and local
overheating of the electronics. The instrument’s entipagsive thermal control is achieved
using foam insulation and layers of aluminized mylar as $uelds.

The proportional tubes have an on-board gas supply andébdistm system that allows for
regulation of the gas pressure in flight. The proportionaétaystem of TRACER has a total
volume of 1000 liters, which is segmented into 16 manifoltssh of about 60 liters. Three
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Figure 2.3: Schematic diagram of the active detector materials of the TRACER detector.

thousand liters of xenon-methane gas are carried on boandles-up gas in the event of small
leaks during the flight, or, if required, to purge the entystesm with new gas. The Xe:GH
gas mixture used is 95%:5% by volume at 1 atmosphere.

Scintillation and Cerenkov Detectors

The large geometric factor of TRACER requires similarly lasgintillation andCerenkov
counters (2x 2 n?) to provide both, a trigger and a measurement of nucleagehaver the
active area of the detector.

In order to achieve a relatively uniform response, and tp kike number of photomultiplier
tubes (PMTs) moderate, each counter is divided into foudrprds and uses a wavelength-
shifter bar readout, as shown in Figlire] 2.4. E@elenkov quadrant is made from one acrylic
plastic sheet; each scintillator quadrant is constructechftwo 1 x 0.5 n? wide sheets of
scintillating plastic. Each counter comprises 24 PMTs, et £ach quadrant is seen by 8
PMTs. Every 12 PMTs share one high voltage supply, so that #$pér quadrant are on a
separate HV channel.

The scintillating plastic is 0.5 cm thick, whereas erenkov material is 1.3 cm thick.
The Cerenkov material has a refractive index of 1.49 and is dopddamwvavelength-shifting
admixture that additionally disperses tBerenkov light isotropically. Table 2.1 summarizes
the detector components used in the scintill&lerenkov systems of the detector.

A fraction of the light that is emitted in the active part ofchacounter travels to the
wavelength-shifter bars where it is absorbed and re-ednittatropically. A fraction of this
light again travels directly or via total internal reflegtito the photomultiplier tubes. The
scintillator system detects 40 photoelectrons for a singly charged particle at miniman i
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Figure 2.4: Schematic diagram of Figure 2.5: Proportional tube assembly drawing. (1) Mylar
the scintillation andCerenkov coun- tube; (2), (3) modified cigar tubes to anchor assembly; (4)
ters. Each quadrant is seen by 8 PMTs, end-cap with o-ring groove and threaded neck to interface
24 PMTs per counter mean a total of 96 with gas manifold and HV distribution; (5) end-cap with
PMTs are used in the instrument. hose barb; (6) G-10 pad for wire (7) wire holder.

izing energy, whereas tH@erenkov system detects2-3 photoelectrons for a singly charged
particle inCerenkov saturation.

Each scintillator PMT generates two signals, one from thedanand one from the last
dynode. The summed anode signals of all PMTs are used fordiheidence trigger. The
dynode signals are amplified individually and analyzed Wihbit accuracy by custom-built
peak-detecting ADCs. Th€erenkov counter is not used in the trigger, and only the dgnod
signals are analyzed.

Proportional Tube Array

The 1584 single wire proportional tubes on TRACER are useddonsruct the trajectory

of an event through the instrument, and to provide energysareaents in the dE/dX-array
and the TRD. The energy measurement relies on the signakdrbgtthe specific ionization

of the gas by a traversing ion (i. e. cosmic-ray nucleus) &edatdditional ionization due to

x-rays generated in the radiator material of the TRD. The @utignal tubes are set up in
16 perpendicular layers of 99 tubes each. Each tube comdiatsentral wire, a conducting

wall around it, and end caps that allow high voltage and ged ferough. The tubes must be
gas-tight and transparent to x-rays.

The design is shown in Figute 2.5. The tube body ( (1) in Ei§),4s 2 m long, 2 cm
in diameter, and is constructed from three layers of spi@wd Mylar. The inner layer is
aluminized for conductivity.

To provide easy servicing of gas, high voltage and readdat,proportional tubes are
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Table 2.1: Summary of components used in the scintillation &retenkov counters, as well as TRD
fiber radiator parameters.

Scintillator and Cerenkov components

Component Type Comments
scintillator BICRON 408 (0.5 cm thick) St. Gobain Inc.
Cerenkov Polycast Acrylic (1.3 cm thick) Refractive index 1.49
wave-shifter bars BC 482A St. Gobain Inc.
PMTs Photonis XP1910 19mm, 10 Stage

TRD radiator parameters

Parameter Thick Fibers Thin Fibers
supplier Hercules, Inc. 3M Company
material Herculon 101 Thinsulate M400
density 40 mg/crm 45 mg/cnd
average fiber thickness Juan 2-5um (avg. 4.5um)
equivalent foil thickness 0.0021 cm 0.00045 cm
equivalent foil spacing 0.038 cm 0.01cm

connected to manifolds. Each manifold is 1 m wide and holdtuB8s that are arranged in
two closely packed layers. In total, 8 pairs of manifoldsraguired for the proportional tube
array, each with an independent gas servicing system, ahdtsvown high-voltage converter.

The gain along the 2 meter tubes was determined to be consitéimt 5%. At the very
ends of the tubes the gain is slightly reduced due to inhomeiges of the electric field close to
the end caps, but this is not significant for the measurenfertsmic rays. Due to distortions
in the support structure, additional gain variations wereenved in the second LDB flight.
They are described in sectibnP.4.

The proportional tube system is analyzed by track-and-AM&LEX chips [16]. Knowl-
edge of the signal rise time is vital for these electronidsis Irelated to the electron drift
time and depends on the gas mixture and high voltage. For ¢h€bf gas mixture used, a
maximum signal was measured to occur 1400 ns after trig&@gr [4

A dual-gain readout is used (see Seclion 2.2.1) for an eixeedgnamic range. The overall
dynamic range is limited by noise at the low end{**> C), and by the maximum signals
possible before a proportional tube develops “limitedatrers” & 5 - 10-!2 C). In practice,
the proportional tube array can analyze signals for all@idobm Be (Z=4) to Fe (Z=26). The
electronics of the dual gain output provide more thahADC channels for the measurement.

The TRD comprises four layers of plastic-fiber blankets asatacs above four double
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Figure 2.6: Comparison of detector configura-  Figure 2.7: High-gain signal vs. low-gain signal

tions of 2003 and 2006 (SCT: Scintillation de- for an individual proportional tube and events

tector, CERCerenkov detector). recorded in flight. The slope of the linear do-
main is about 15, then the HG signal saturates
while the LG signal still increases.

layers of proportional tubes (for an overview on TRDs see 8&)). The radiators are the
same as those used on CRN![52]; their components are sumaniZEabie[2.l. The top

radiator, with a thickness of 17.8 cm, is somewhat thickaentthe following three radiators
(each 11.25 cm) in order to compensate for the lack of “féedeigh” x-rays that may be

generated but detected only after passing through moreahamadiator/detector pair. This
arrangement has proved to be useful for obtaining a unifarergy response of all detector
layers in accelerator calibrations for the CRN instrument.[52

2.2.1 Upgrades for the 2006 Balloon Flight from Sweden

For the long-duration balloon flight of 2006, several upgsadere integrated into TRACER
in order to facilitate the measurements of the light nucteion, carbon, and nitrogen. The
dynamic range of the proportional tube system had to be deténand the charge and en-
ergy resolution had to be improved. A schematic comparisagivien in Figuré 2)6, which
highlights all important changes.

Extended dynamic range The useful dynamic range of one channel of the AMPLEX chip is
of the order of a thousand. However, the measurement in #agehange from boron to iron
requires an overall range of several thousand. This wasesthby providing the proportional
tube system with a dual gain output. For this, the signallisisgo two channels, of which one

is attenuated resistively, as Figlrel2.6 indicates. The-oed electronics had to be updated as
well to accommodate twice as many channels, the “high g&i®&)(and attenuated “low gain”
(LG) channels. Both sets of 1584 data channels are digitzd® bits. A ratio between HG
to LG of about 15 (see Fig. 2.7) gives an overlap of about 6asitsa nominal dynamic range
of 13,000.
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Improved energy resolution The energy resolution that can be achieved from the specific
ionization measured in the proportional tubes is limitestafistical fluctuations of the signal.
Hence, in order to reduce the fluctuations, and thereby toawepthe energy resolution, an
increase in the gas density in the tubes is necessary.

The gas used in the proportional tubes for the Antarctic fgis a 50%:50% mixture of
Xe and CH at a pressure of 0.5 bar. For the Sweden flight this was reglaca 95%:5% mix-
ture at 1 bar. This almost fourfold increase in Xe densityeases the ionization signal also
by a factor of four, and thus reduces statistical fluctuatioy half. This improvement made
energy measurements for the light elements boron and caxdxsible, as will be described in
Sectior Z.3.B.

Improved charge resolution A secondCerenkov detector was installed at the top of the
instrument (identical in design to the bottd@erenkov detector). This enabled a second inde-
pendent charge measurement.

The two charge measurements at the top and at the bottom wfdinement enhance the
redundancy and the resolution of the charge determination.

2.2.2 Geometric Aperture

The maximum geometric aperture of the detector, derivedafoube of the dimensions of
the trigger geometry, is 4.73%sr. For the flux calculation a modified aperture has to be
determined. Certain areas in the detector are defined asl‘tdgions”. They are the locations
of the PMTs and a 1 cm border on either side of the wavelengftes bars to avoid edge
effects and steep gradients in PMT responses.

Events passing through these regions cannot be acceptdthtdbe reduced aperture is
given by

0
A=A 27r/ Pp(0) cos @ d(cosb), (2.1)
0

=7/2

whereA is the area of the instrument (206 ctr206 cm) and B is the probability of detection
for a given anglé. In this equationP,(0) is evaluated by averaging over all azimuth angles
and all lateral positions of events. This way the calcutabbthe aperture can be reduced to
the given integral ovetos ©.

The detection probability is evaluated by a Monte Carlo satiah under consideration of
the conditions that a particle needs to produce a trigge. (it both scintillation detectors)
and avoid blind regions in the detector from simulated eveniformly distributed in lateral
position and azimuth angle. The detection probability®) is found as the ratio of detected
particles to the total number of injected particles orddrgdenith angle.

The detection probability for vertical incident particie98%, the maximum zenith angle
© detectable is about 60The effective aperture of TRACER is 3.85 msr.
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2.3 Energy Response and Resolution

2.3.1 Response of th€erenkov Detector

At a few GeV/amu, the energy measurement relies onGheenkov detector. A particle
traversing the detector emits a cone@drenkov light if its energy is above ti@erenkov
threshold. The acryli€erenkov material has a refractive index= 1.49, which corresponds
to a threshold Lorentz factor of = 1.35 (5 = 0.67) or a kinetic energy 06.33 GeV/amu.
Below this energy, some light is produced by residual staidn in the plastic sheet; above
the threshold the signdl. increases rapidly [62] according to:

Se Co 1

ﬁ—l_—w’(“nz—m) @2)
before it saturates towards the asymptotic valyeThe signal is proportional to the square of
the charge of the particl&?.

In bothCerenkov counters, additional light is producedliays, or “knock-on” electrons.
These electrons are produced in @erenkov material itself and the material above. As shown
in Figure[Z:8, the bottorCerenkov detector is more affected Byay contributions than the
top Cerenkov detector, simply because there is much less niabdge the latter. The effect
of y-rays on theCerenkov signal has been studied in simulations [42] and wfsrmed using

the data themselves. The response curves are parametnzeded for the analysis as shown
in Fig.[Z.8.

2.3.2 Response of the dE/dX-array and the Transition Radiation Detec-
tor

Above about 10 GeV/amu the signal from the proportional $ubeised as an energy measure.
Up to about 700 GeV/amu all tubes measure the same sifynalhich is proportional to the
energy deposited by the traversing particle in the tubes18P

iE  KZ7? {m <2mec26272T) _pay L )]7 (2.3)

Se X —— =
> dx B2 I? Tinax

with K = 27r?m.c®n,, the classical electron radius, the electron rest-mass energyc?,
the electron density of the material;, the mean excitation energy of the materialthe
maximum electron energy absorb&dthe maximum energy transferable to an electfpg,,
and the particle’s chargg, speeds, and Lorentz facto.

Equation [[2.B) is the restricted energy loss of a particketaon the energy loss due to
ionization (Bethe-Bloch formula), neglecting the densitieef and restricting the absorbed
energy in the tubes to a maximum’Bf The density effect and the restricted absorbed energy
both lead to a saturation of the signal, which is not obseiwetthe energy region of this
measurement.

The signal is proportional t&?, falls steeply below = 3.97 (energy of minimum ionizing
particles, MIP), then rises slowly and is linearddg(v)-space fory > 10. This rise is referred
to as the relativistic rise and is used as a measure of enetgg dE/dX-array.
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Figure 2.8: Response functios./Z? of the  Figure 2.9: Calibration measurements of the CRN TR
Cerenkov detectors as a function of particledetector (reproduced from [12]). Signal in the multi-
speeds = v/c. Bottom and top detectors wire proportional chambers as a function of particle
have different responses duedaays. The energy. This calibration is valid for TRACER, see text.
analyticaléerenkov response is shown as the

dotted line (offset for clarity).

The relativistic rise in the signal from = 10 to v = 440 is found to be 332%, in
agreement with the value used by the CREAM collaboration fersdime detector configura-
tion [55]. The signal function is shown in Fig. 2]110. In themalization used here the energy
of minimum ionizing energy loss, correspondingite- 3.97, is atS, /Z* = 3.07.

Above a Lorentz factor of about 700, transition radiatioprisduced in the radiators of the
TRD. Then the ionization signal is superimposed by the TRadign

The photon energy of transition radiation (TR) typically kearound 10 keV [21, 22]. The
energy threshold above which TR is produced, the steeprigdhe @R signal increase with
particle energy, and the energy at which it saturates depeadgly on the actual realization
of the detector. Both, the number and the spacing of the foilflfers), are equally important
as the gas mixture for detecting the TR photons (see [82]).

In general, the TR signal is proportional to the square ofriblent particle’s charge?,
becomes observable at Lorentz factors of about 500 to 10@Gaturates below ~ 10°. Itis
noteworthy that the TRD response can be fully calibrated ligtit particles (electrons, pions,
etc.) at accelerators even for highest Lorentz factorss i distinct advantage compared to
measurements with calorimeters, which must rely on sinarlatfor calibration.

The TRD used on this instrument employs the same radiatorgroation as CRN. For
the long-duration balloon flight in Antarctica 2003 the sagase mixture was used, so that the
CRN calibration|[52] was valid. The calibration curve is shawiFig.[2.9. For the flight in
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Figure 2.10: Response functions, normalized BY, of sub-detectors that are used for energy measure-
ment. The natural normalization of the signals shown here is used throutjecamalysis. Minimum
ionizing energy 4 = 3.97) is at 3.07 in dE/dX signal and at 0.51 in the bott@rarenkov signal per
Z%. TR onset{ = 785) is at 4.45 in dE/dX and TR signal p&. The normalization of th€erenkov
signal is multiplied by 10 for clarity.

2006 from Sweden, the calibration has to be modified due talifferent gas mixture used
(see Section 2.2.1).

Because of the higher Xe content in the proportional tubesemB x-rays are absorbed.
This increases the TR signal, but the ionization signalials@ases. Using data from [82], the
overall effect of the gas change is estimated to be a relegiaction of TR signal by 193%
compared to the CRN calibration [52].

Furthermore, this relative signal attenuation shifts tiedhset energy to a higher value.
TR onset is found at a dE/dX signél/Z? = 4.45, which corresponds to a Lorentz factor of
~ = 785 or to an energy ofy = 735 GeV/amu.

The TRD response function is shown together with the dE/d¥yeand bottonCerenkov
response in Figuie 2.110.

2.3.3 Energy Resolution

The signals of all detectors used for the energy measurescate withZ? of the incoming
particle. This means that the relative statistical signadttlations decrease like/Z for all
sub-detectors. Thus, the best energy resolution is aahievédneavy elements.

For the proportional tube system, the relative signal flattuso s have been determined
with data recorded during flight for elements from boron tnir This was achieved by se-
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lecting elements with a preliminary charge estimation d@htuse the signals of other sub-
detectors to roughly estimate the energy for which the fltgtns have been determined. The
signal fluctuations can be modeled as a superposition @dtstat and systematic contributions

by:
2 2 2
o /a/Z—“Lb7 (2.4)
n

with parameters for the proportional systers 1.26+0.04 andb = 0.1444-0.007, and number

of tubesn, which is 16 for the dE/dX-array and 8 for the TRD. Thus, thealdluctuations in
the dE/dX-array are a factar2 smaller than in the TRD, but the resulting energy resolution
is still worse due to the shallow relativistic increase @ tbhnization signal with energy. The
parameteb corresponds to a systematic contribution to the signaldatains of about 2.5%
for the whole proportional tube array due to uncertaintiethe trajectory reconstruction. The
signal fluctuations in the dE/dX-array for oxygen are forrapée 5.3 4+ 0.2%.

The signal fluctuations for th&erenkov detector were estimated in an analogous way, us-
ing a different set of sub-detectors for the selection oftiia sample. The signal fluctuations
also follow Eq. [[2.4) (with: fixed to 1) since th€erenkov signal scales witli*. For oxygen
the relative signal fluctuations in ti@erenkov counters are 8%.

The uncertainty in the signal fluctuations translates imaiacertainty in the measured
cosmic-ray fluxes. This is taken into account for the meaberergy spectra in Chapter 6.
In the following the signal fluctuations are used to detesmtine energy resolution of the
three sub-detectors of the instrument. The energy resaldti; is derived from the signal
fluctuations and therefore also has the form

ol =— 1. (2.5)

Since each sub-detector in the instrument has a differemggmesponse, the energy resolution
must be calculated for each detector individually.

Using a+10 interval in signal, thet1o interval in energyAE is found from the response
functions. The energy resolution is then defined\&S2E and is shown in Figufe 2]J11. The
resolution is very good for th€erenkov (at 1 GeV/amu) and TR (at 1500 GeV/amu) detectors
with values about 3% and 7% for iron, respectively. For bdiair resolution is 13%. The
dE/dX-array suffers from the very shallow relativisticeribut still gives a usable resolution
between 10 and 500 GeV/amu of about 30% for iron or 55% forroro

The upgrades to the proportional tube system for the Swedgn {P006) enhanced the
energy resolution in the proportional tube array signifitarThis is illustrated in Figure 2,12
for the dE/dX-array around 100 GeV/amu by the fit results tortfeasured energy resolution
as a function of charge. For light elements the improvememabout a factor of 2, but it is
smaller for iron where systematic effects of the trajectegonstruction are more dominant.

This improvement is necessary to make energy measurennghis dE/dX-array possible
for boron and carbon.
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Figure 2.11: Measured energy resolutiond)L Figure 2.12: Parametrizations of measured en-

of individual detector subsystems vs. chaige ergy resolutions for flights in 2003 and 2006

for typical energies. The resolutions develop as for the dE/dX-array. The enhancement of the

1/Z with charge with a systematic offset, see energy resolution due to detector upgrades be-

Eq. 2.5). comes clear, especially for light elements where
statistical fluctuations dominate.

2.4 Detector Performance and Status

During each flight, there was no indication of a deterioratd the performance of the pro-
portional tubes, due to gas poisoning, for the duration efftiyhts. This is in contrast to
measurements on the ground, where amplitude and resobftithe signals deteriorate no-
ticeably on a scale of 1-2 days. This happens as oxygen égfugo the proportional tubes
and acts as a quenching agent. This result is of practicadritapce if flights of much longer
duration are anticipated: There seems to be no need forggspg at the time scales of at
least a few weeks except for the provision of make-up gasn@cofor minor leaks.

During the Sweden flight (2006), the instrument (Kig. 2.18)ctioned well. All elec-
tronics, data acquisition, flight computer, data storagjentetry, power system, batteries, etc.
performed as expected.

After 1.5 days of flight, a subset of 12 PMTs in the bottom skikatbr had to be deactivated
due to an electrical discharge. For the remainder of thetfegich quadrant of the bottom
scintillation detector was viewed by 4 instead of 8 evenstribhuted PMTs. This had only a
minor impact on the instrument’s performance.

At about the same time, seven PMTs in one half of theéepenkov detector failed. The
face plates of these PMTs ruptured and rendered them urudtisinoteworthy that all PMTs
in the topCerenkov that failed this way belonged to a new batch of PMTist#his XP1910)
acquired for this flight. Two of the four quadrants of the oerenkov counter were affected
and as a consequence are avoided during analysis. Thisfplaet data is termed selection C
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Figure 2.13: The TRACER detector after its recovery from Canada in 2006 at theelhsity of
Chicago.

(SelC, see Sectidn 2.5).

Later in flight, one PMT in the tofCerenkov counter produced a visible discharge for
about 4 hours as ambient air was leaking through its damaagmddlate. This generated a
background signal that can be seen in all active PMTs of thaten. The topf:erenkov data
taken during the time of the discharge are rejected.

The proportional tube system performed without signifigamtblems during the whole
flight.

After the flight, a complete test was performed. The origitight read-out electronics
were found to be in good shape after the landing. All propasl tubes were supplied with
high voltage and Ar:Ckigas, then tested with a radioacti?&e source (x-ray energy: 6 keV).

For 25 tubes, a broken low-gain AMPLEX channel was discavérh in the lab test and
in the data. These tubes are only used in the analysis if gimalsis in the high-gain regime.

Of the 1584 single wire proportional tubes of the detectbric@uld not be used in the data
analysis for the following reasons:

20 tubes were found to produce no signal, 3 tubes showed amrabhhigh-gain to low-
gain ratio despite working electronics.

The largest portion of deactivated tubes are 52 tubes whaisedgops at exactly half the
tube length to zero. Examination of one such tube showedtibatonductive aluminum layer
on the inside was scorched away by an electrical discharge.iJolated one half of the tube
from high voltage and thus caused the gain to drop to zeroh 8ischarges happen at the
center of the tubes, because there the center wire is closts tube wall if the tube is bent.

Another 16 tubes had to be omitted from data analysis becdwsey large gain variations
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Figure 2.14: Gain-correction factors derived  Figure 2.15: Test result of a tube in the lab. The

from oxygen data for layer 6 of the proportional  signal from a radioactiv€®Fe source is shown

tube system (99 tubes). Each tube is sectioned for different test setups (signal uncertainty about

into nine 22 cm parts. 30%). The tube quickly recovers and maintains
its original gain level after a pressure point was
released.

along the tubes. Several areas with enhanced tube gainse(teéhot spots”) were found in
layers of proportional tubes, as shown in [ig. 2.14.

The “hot spots” have been found consistently in data of thghfflfor different elements
(carbon to iron), in pre-flight muon data, and after the flightaboratory tests. The relative
signal increase in these areas compared to normal tube wamsf the order of 50%, with
some extreme cases of a 250% enhancement. The gain vagiat®stable in time during the
whole flight.

It was shown that these gain variations are due to uneverosiuppthe tube manifolds
resulting in pressure points or bending of the tube body. Jdia level recovers instantly
when the position is corrected. Figure 2.15 shows a tubeakigiovering from a pressure
point applied in a lab test. This is important especiallyhia light of a possible future flight of
the instrument.

Consistent correction factors in the form of gain maps haen lolerived from oxygen and
iron data for all tubes in 9 sections (22 cm long) along eabk tThey are shown in Fig. 214
for layer 6. They represent the ratio of the signal in a tubzice to the average signal in
all tubes excluding “hot spots”. After correction the tukarng of all tubes in all sections are
equal within 5%.

The TRACER detector is currently residing at the UniversityCbicago and has the pos-
sibility to be refurbished for another flight.

2.5 Description of the Data of the Sweden Flight

For each event, the signals from all PMTs are recorded. Tame the size of each event, a
zero-suppression system is utilized for the proportionbés. Only signals above a threshold
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value are stored. Hence, individual events have variablgthe(4-8 kbits).

TRACER monitors the pressure in each manifold, the tempezatucritical components,
high-voltage levels, counting rates from the discrimimgtooincidence circuit, master trigger,
as well as the status of each disk, storing them in “housekgépvents.

All events (data and housekeeping) are assembled in cuseme glectronics. The data
are processed by the on-board CPU for storage on a hard déskraalso sent to the telemetry
transmitters. Data are recorded on-board (including Haeggng) using multiple SCSI disks.

In the five-day flight, 50 GB of compressed raw data at an ewaataf about 120 Hz were
gathered. With a dead time of the data acquisition of 17.7&esame gaps in the data taking
due to maintenance the overall active lifetime of the insat was 203200 s (2.4 days).

The final data analysis was performed for three distinctspaftthe data set. Selection
A (SelA) is data from the first 1.5 days of flight, during whidtetdetector performed in its
starting configuration. Selection B and C (SelB, SelC) reprigthe data after PMTSs in the top
Cerenkov detector and the bottom scintillator failed (s€®. 2n SelB the undamaged part of
the topéerenkov is used, while SelC is analyzed without theftepenkov signal.

The relative sizes of the data parts are 20%, 40%, and 40¢ecteely. The different de-
tector configurations of these parts affect only the changdyais. SelA yields the best charge
resolution, but SelB’s shortcoming is only minor, as the Siiation detector was designed to
cope with this kind of failure. A quality cut that ensures aaimum of three PMTs detect an
event in a quadrant, is used to ensure data quality in SelBSat@. The efficiency of this cut
is almost 100%.

For SelC, the tofCerenkov detector is not used and the bottderenkov is instead used
in combination with the top scintillator to provide a chargeasurement. For these data the
charge resolution is decreased somewhat, but the datailt e sised.

In the final analysis, the efficiencies of quality cuts anddh&rge selection that are affected
by the changed detector configuration are evaluated sepafat the three data selections A,
B, and C. The data could then be used together with a weightedgavef these efficiencies.

Before the flight, the instrument recorded muon events on tbengl. In order to gener-
ate usable signals from these singly charged particlesitjievoltages supplied to the PMTs
and proportional tubes were increased. These pre-flightrdata are used in the later anal-
ysis to construct lateral signal response maps for theibatitn andCerenkov detectors (see
Sectiorl4.4) and to investigate signal fluctuations in tlepeprtional tubes.



CHAPTER 3

SUMMARY OF PREVIOUS RESULTS FROM
TRACER

In 2008 and 2009, measurements of the first long-duratidadoaflight of primary cosmic-ray
elements|[12] and an interpretation of these results [13¢weblished. These measurements
represent the most comprehensive data on heavy primargi@atasmic rays to date. The
measurements include the individual elemental energytispap to 10* eV per particle for
O, Ne, Mg, Si, Ar, Ca, and Fe, and are shown in Fiduré 3.1 togetith data from space
missions HEAO|[27] and CRN_[60]. The TRACER measurements exde=grevious data
by at least one order of magnitude in energy. Recently data meblished by the CREAM
experiment/[5] that confirm the spectra, although they da@ath as high in energy.

The measurements narrowed the gap between direct anddndiethods, but do not yet
close it. The gap between the direct TRACER data [12] and intdme-shower data from
KASCADE [2] or EAS-TOP|[63] is less than a decade. More expessineeded to generate
the desired overlap between these two complementary tpobsi

A simple power-law fit to the observed energy spectra from TRRGEelds a common
power-law index of 2.6%0.05 [12], without noticeable dependence on the elemehtaige
Z. This hints towards a shared origin of these cosmic-ray etegs

A more detailed study was carried out in[13] in order to itigege the propagation of
cosmic-rays and properties of their sources. Thereforegaky-Box model of cosmic-ray
propagation (see Sectidn 11.3) was used that also takesdotwiat secondary production of
lighter elements from their heavier parents. The propagatidexd was assumed to be 0.6
for this analysis. The propagation model was fit to the TRACER @ad it describes the
data well. The result of this procedure is an estimate of thece abundances, the source
spectral indexy and the residual pathlength (see Eq.[(19)).

The fit result fora and A, is shown in Figuré 3]2 as a likelihood map of the combined fit
over all elements. The best fit values aré@tA,) = (2.4,0.3 glcn¥), but these values are
ambiguous, especially fdY,, as can be seen by the long valley in the likelihood map. Aigio
soft source spectra are favored3p < a < 2.45, 30 contour), the residual pathlengtty is
not well constrained.

The source abundances found with the TRACER data, using thditresues fora and

25
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Figure 3.1: Differential energy spectra of eight primary cosmic-ray elemefits-(8 to 26) as measured
by TRACER [12] compared to HEAQ [27] and CRN [60]. The dashed lireeég@mmon power-law fit
yielding a spectral index of 2.65.

Ay from above, are shown in Figure B.3 and compared to previeaesaorements. The val-
ues agree with the abundances observed at low energiessmdhaw the same correlation
with condensation temperature. Elements with high coreterstemperature seem to be ef-
ficiently accelerated, maybe because they are efficienbgtied into the acceleration site as
they form dust grains [26, 57]. The relative cosmic-ray alantes are also correlated with
first ionization potential and some ambiguity remains ovéicl correlation represents the
true one.

The soft source spectrum suggested by the TRACER data is rilyt @asommodated by
first-order Fermi acceleration at strong shocks, whichiptee source spectral index of about
2. More complex shock acceleration models are needed thgtrcaluce soft source spectra
(see for example [46] and references therein).

The TRACER measurement of the Antarctic flight in 2003 represstére most detailed
data on the energy spectra of heavy primary cosmic-ray eltsmie date. For the first time,
the source index: could be estimated in a self-consistent model including@h&actic prop-
agation of cosmic rays. The source index: 2.35 is also discussed in Chapier 7.
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CHAPTER4

SIGNAL RECONSTRUCTION FROMRAW
DATA

This chapter is concerned with the analysis steps that prdpa initial data from the Sweden
flight of TRACER for charge and energy measurement. Correctiortse data have to be
found and applied. This process relies strongly on iteegtrocedures and is performed with
muon data taken before flight as well as data of heavy nudtentduring flight. This makes
it tedious to describe the analysis steps in a chronologioddr. Instead, each section is
concerned with a particular signal correction or aspedi@traw data analysis, which together
form the iterative process.

An illustration of the analysis chain is shown in Fig.]4.1. té&fa first level trajectory
reconstruction, lateral response maps are derived fordinélgtion andCerenkov detectors
from muon data. Also, several operations are done conaghrandware properties: finding
dead proportional tubes and PMTs, correcting tube positiocnrrecting for non-linearities
in ADCs, and unifying high-gain and low-gain signals from fireportional tubes onto one
scale. After an iteration of this procedure, a preliminanyde charge estimation helps to
isolate mostly pure elemental samples, which are used teedgain corrections for PMTs
and proportional tubes, and to generate lateral responpe fran data. Then a second level
trajectory reconstruction refines the previously foungetiory, after which the whole chain is
repeated. The corrected signals for data analysis can thgarierated, from which the charge
and energy of every event is determined.

[Hardware Properties ] lter—
1st Level Trackfit I:> ation |:> [Preliminary Charge Estimation]

Muon Response Maps]

A 3

Feedback

Gain Corrections ]
Somesed ( sion [
Signals <= ation 2nd Level Trackfit | < ——

[Data Response Maps ]

Figure 4.1: Analysis chain from initial data to corrected signals.

29
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Figure 4.2: Schematic illustration of the first- Figure 4.3: lllustration of the second-level
level tracking fit. Darker tubes represent higher tracking fit. Distancesl; of the true trajectory
signal. Track A is considered by the fit, but re- from the tube centers are estimated with the tube
jected. The true trajectory is found, but tracks B signals and define two possible tracks through
and C cannot be distinguished within the resolu- each tube. These tracks are then arranged to the
tion limits. true trajectory.

4.1 Trajectory Reconstruction

4.1.1 FirstLevel

The first-level trajectory reconstruction identifies thetiote’s trajectory through the TRACER
instrument. The fit looks for combinations of tubes with ansigabove threshold that are
aligned in a straight line. The signal amplitudes in thevidiial tubes are not used in the fit
but only the tube positions and the information that it was hi

The trajectory in three dimensions is defined by two indepahdinear fits in two per-
pendicular projections. Therefore, the signals of up tol@&suhit in each projection are fit
independently.

All combinations of three or more tubes are fit and the fout brasks are stored. The best
trajectory is accepted as the true one. It is defined by théleshg? value of the fits and the
largest number of tubes hit along the track.

For light elements most events are found to have only onepéaiole trajectory, because
only a few proportional tubes away from the track have spusrgignals above threshold. In the
case of iron, however, many knock-on electrairsgys) are produced in the instrument, which
produce signals in tubes close to, and sometimes farther, fitee true trajectory. In this case
many possible tracks are found, but they are easily rejegtibdthe summed signal heights,
which are very large for the iron nucleus and thus for the tragctory. Misidentification of
tracks was found to be less frequent than one in a thousand.

The lateral uncertainty of the first-level tracking fit is rhugmaller than the size of a tube
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Figure 4.4: Study of the tracking quality by MC Figure 4.5: Efficiency of the second-level tra-
simulation. The residual track length distribu- jectory reconstruction as a function of charge.
tion determines the uncertainty to 3%.

radius; it is about 5 mm. Figufe 4.2 illustrates how the nasoh is limited by the tube radius.

For 4.6% of triggered events no trajectory could be foundusT kthe efficiency after the first
level trajectory reconstruction is 95.4%. This was fountdéadhe same for all elements from
boron to iron. This can be expected, because the reconstrdotlows a purely geometrical
procedure without use of the signal amplitudes.

4.1.2 Second Level

The second-level trajectory reconstruction refines theltrethe first-level track fit by utiliz-
ing the signal amplitudes in the tubes. The signals are ptiopal to the energy loss in the
tube,AFE, and hence to the length of the track through a tube. Thellision of track lengths
for each event is used to determine the distance of the [ggsttcajectory from the tube cen-
ters (impact parametet) as illustrated in Fig._4]3. Note that each impact paranagénes
two possible track positions through a tube, so that a fitigexdout to find the most suitable
linear function through all track segments in all layersisTib done in the two perpendicular
projections independently.

The important parameters inferred from the reconstruataedtory are the total track
length through the proportional tubes and the lateral osif the event in the four scintil-
lation andCerenkov detectors. Also the zenith and azimuth angles aeendi@ed from the
trajectory. The refined fit is more precise than the firstlléte A Monte Carlo study has
shown the total track length to be precise to 3%. This comedp to an uncertainty of 2 mm
in lateral position. The result of the MC study is shown in.ldg} as the distribution of the
residual track length of the reconstructed trajectories.

The second-level trajectory reconstruction treats theaijuctuations in the tubes as
Gaussian. In general the fluctuations of energy loss aredwafidctuations. However, be-
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cause boron has a charge = 5 and therefore ionization is 25 times more intense as for
singly charged particles, the fluctuations for heavy nuateisymmetrical and can be treated
as Gaussian.

The efficiency of the second-level trajectory reconstarciis 94.0% for boron and in-
creases to 98.9% for iron, as can be seen in Figute 4.5. lursdfby comparing the number
of events with successful first-level trajectory recondinn with the number of events with
successful second-order trajectory reconstruction. rincases the impact parameters can not
be assembled to a consistent trajectory, so no secondtteyettory is found. This is more
likely for smaller signals, so the efficiency is slightly cha dependent (see Fig. 4.5).

4.2 Combining High-Gain and Low-Gain Proportional Tube
Signals

For the proportional tubes both, high-gain (HG) and lowag&iG) channels are digitized to
10 bits. Their ratio is about 15, meaning that a signal in H&@80 can be found in LG bin
40.

Both signal channels suffer from a slight nonlinearity ab&@C bin 500 intrinsic to the
AMPLEX signal processor [16]. This is taken into account witembining the signals into
one scale for a continuous analysis. Thus, the resulting bea three regions: the HG channel
is used for signals in its linear regime (i.£DCy ¢ < 500). For higher signals the LG channel
is used. For still higher signals the LG signal is correctsd¥DC non-linearity.

In the second region the LG signal is mapped onto the HG soakev/ery tube linearly:

ADCyg = o - ADCrg + 05, (4.1)

where the scale factar; is about 15 and a small offsét compensates different zero-offsets.
These parameters are determined for each tube.

In the third region this linear mapping is combined with areotion for ADC non-linearity
above an ADC value ofiDC, = 500

ADCeon = 17 B(Aglo)(i ADCy)’ (4.2)
with the non-linearity parametét, which is assumed to be the same for all tubes.
A unified scale for the tube signaft can therefore be constructed as:
ADCyq, ADCyg < ADC
S, = ADCrg + 6, ADCLe < ADCy < ADChe (4.3)
a; ADCg +6;, ADCLg> ADCy

"1+ B(ADCpe — ADCy)

In practice most events occur in the first region, includifigesents of light nuclei up to
oxygen. The last region is only reached for high energy inaclei and is also the only region
that needs correction for non-linearity. The unified scaleges to an equivalent HG ADC
value of 13000, which is effectively a 13.6 bit scale.
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Figure 4.6: High-gain vs. low-gain signal and  Figure 4.7: Scale uncertainty for the signéJ in

fit for a, §, and 3. Linear regime: solid line, one single proportional tube. Almost all events

Non-linear regime: dotted line. fall into region 1 or 2, the increase in region 3 is
due to the non-linear behavior of the ADC con-
verter.

The parameters;, §;, and3 are determined from data in every tube. Figuré 4.6 shows
data and fit for tube 37 of layer 2. The solid line represergsfithin the linear region and is
continued with a dashed line for the fit modified to accommeda¢ non-linearity. The data
are fitted up taADC'; . = 42, above which the HG channel saturates.

The error bars drawn in Fig. 4.6 are statistical only, bufitteonsiders an additional uncer-
tainty from temperature fluctuations. During the flight teenperature inside the instrument
fluctuates following a night and day cycle (see Eig] 2.2) sdauses, through the temperature
dependent resistive signal splitting, the ratio betweenard® LG to vary slightly.

The fits have an average reducgtiof 0.6 and result in3 = (2.7 + 0.9) - 10~%. The
parametersy; andd; are determined and used for each tube individually. TheairiButions
are Gaussian with mean valuesléf3 and—14, and with widths of).5 and11, respectively.

The uncertainties in these parameters introduces anaaaitincertainty in the tube signal
S, inregions 2 and 3. It can be estimated in region 2 by

AS? = ADC3, - Aa? + AS2. (4.4)

The small contribution ofA); can be neglected and the uncertainty in region 2 works ou# to b
about 2%.

For the region 3 the uncertainty thhas to be propagated as well. The scale uncertainty is
dominated by the contribution ¢f and is about 5.5% fof, = 10%. The scale uncertainty in
all regions is plotted in Fid, 4.7.

4.3 Tube Alignment

The proportional tubes are not rigid and can therefore shifiend a little within the frame
of the instrument. For a correct trajectory reconstructlmexact positions of all tubes are
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Figure 4.8: Summed signal in section 4 of tube  Figure 4.9: Offset distribution of the tube posi-
20in layer 4 as a function of distance to the nom- tions from the corrected positions. The positions
inal tube position. The peak position marks the are precise to 0.08 cm.

tube center.

determined from the data themselves.

The actual tube positions are checked in nine sections dlentuibes by determining the
peak of the signal distribution as a function of position. éxample is shown in Fid. 4.8 for
a tube with minor offset. The peak in the signal correspoadké tube center, through which
the longest track lengths pass and produce the largest amiionization in the tube.

Figure[4.9 shows the offset distribution of all tube sediafter the correction took effect.
The tube positions assumed in the analysis are now matchbohwai 1o offset of 0.08 cm to
the actual positions during flight, compared to an averatgedf 0.4 cm before correction.

4.4 Lateral Response Maps

To ensure a uniform response everywhere in the scintitiagiod Cerenkov detectors, lateral
response maps are used to correct for non-uniformitiesisitinal. For each PMT a response
map is calculated in % 2 cn? bins covering the whole detector area. The maps are derived
from pre-flight muons recorded on the ground (muon maps)nThe maps are compared to
their counterparts derived from carbon and oxygen datadedoduring flight, to ensure their
validity.

The validity of the response maps also requires the aveliggaldo be independent of
azimuth angles. No dependence on azimuth angle is expected, since the PMEsranged
symmetrically around the quadrant centers, and the lightited isotropically in the scintil-
lation detectors. Th€erenkov light cone is mostly isotropic due to the many rafastin the
detector materials and a scintillating admixture. Stile thdependence from azimuthal angle
is verified with data taken during flight. The average sigrsabdunction of azimuth angle
during flight is shown in Fig._4.10 for quadrant 3 of the topnsitlator. All detectors used,
scintillation andCerenkov detectors, show no sign of azimuthal dependenalsigp@yond a
2% effect visible in Figl_4.10 for the quadrant shown. Thghdlireduction is most probably
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Figure 4.10: Average oxygen signal in quadrant 3 of the top scintillator as a functi@ziafuth. It is
independent of azimuthal angle. This particular quadrant suffers ee@&etion of the average signal,
where few events might cause a statistical effect.

due to a statistical effect because of the low number of eviarthe direction oty = 0° and is
of no significance for the data analysis.

4.4.1 Maps from Muon Data

Response maps from muon data are used in the final analysadsethey have the lowest
statistical uncertainty. Because the muon signals arawel\asmall, the high voltage to the
PMTs was increased to increase the PMT gain. Since the respoaps represent a relative
signal correction, they should not be affected by a chandg®Mii gain. This is verified with
data of heavy nuclei.

In each bini (2 x 2 cn¥; 10,000 bins) the correction factor or response map vajuis
derived for each PMT as the uncorrected average signal

rij = Z]i]—;gj, (4.5)
with the signalS; of PMT j and the total number of event§ falling into bin:. N; is on the
order of 5000 events. The summation is carried out over alhisvoccurring in bin.

The smallCerenkov signal still leads to significant bin-by-bin fludtaas. These intro-
duce an unnecessary source of uncertainty, since the respaust be a steady and flat func-
tion. Except for the steeper edges, @erenkov response maps are therefore smoothed with a
Gaussian kernel,

The smoothing kernel correlates an areab%ins and calculates a weighted average for
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Figure 4.11: Lateral response map for PMT 10 in the top scintillator calculated from mutan dae
steep drop atX = 50 cm is due to the meeting edges of the two scintillator sheets that build the
guadrant. The position of the PMT in the quadrant and the direction of its afevillustrated in the
gray box in the upper right corner of the figure.

the center bin. The Gaussian profile used is [25]:

11211
ot zaza
Sz 4842 (4.6)
12421
11211

The response map for PMT 10 in the top scintillator (FiguEl$.spans one quadrant,
which is seen by the PMT from one corner. The signal peak eisihin front of the PMT, the
signal then fades. In the middle of the quadrant is a stegprstesponse due to a discontinuity
in scintillator material that is arranged in two sheets tarsfhe quadrant.

Figure[Z.12 shows the response map for PMT 19 in the bo@enenkov detector, which
sees two quadrants. The signal response is flat, excepimigiont of the PMT, where events
hit the wavelength-shifter bar and produce scintillatigind. This produces the steep spine in
the muon map. The response map shown in[Fig.4.12 is not sethoth
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Figure 4.12: Lateral response map for PMT 19 in the bott@mrenkov detector calculated from muon
data before smoothing. Events hitting the wavelength-shifter bar betweehskeved quadrants pro-

duce scintillation light, hence the steep spine. The position of the PMT betweeué#drants and the

direction of its view are illustrated in the gray box in the upper right corn¢hefigure.

In the analysis the actual correction factor applied to d&leli’s signal is interpolated at
the exact position of the event calculated by the 2nd leaekfit. The lateral response map
is fit by a plane in x- and y-direction using ax55 bins area around the event position. The
correction factor is then the z-coordinate of the point im ptane where the track intersects.

If the gradient of the plane is very high (i. e. the responsp weay steep|Vz| > 5.5), the
respective PMT is excluded from the analysis. This ensunasthe uncertainty in the track
position does not impose a large uncertainty on the signgirdctice those steep gradients are
only found around the edges of the wavelength-shifter badsahere scintillator sheets meet.

4.4.2 Comparison to Maps from Cosmic-Ray Data

No change in response maps is expected due to a change in AN{egg. due to voltage
changes or gain drifts). Also, itis not expected that thgratient of the PMTs in flight changed
from their configuration on ground. Nevertheless, theseetgtions are examined with data
from cosmic-ray nuclei recorded in flight.
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Figure 4.13: Comparison of muon map to data  Figure 4.14: Comparison of muon map to data
map for PMT 10 in the top scintillator. Data  map for for PMT 19 in the topCerenkov de-
maps are calculated from carbon (dashed) and tector. Data maps are calculated from carbon
oxygen (solid) data, see text for the definition of (dashed) and oxygen (solid) data, see text for the
Ar. definition of Ar.

Lateral response maps were built from actual flight datar aféebon and oxygen sam-
ples were identified in a preliminary charge estimation. Sehéata response maps were then
compared to the muon maps.

The relative difference of data maps to muon maps is showigitdEL3 and 4.14 respec-
tively for the same PMTs as the muon maps were shown beforigimés{4. 1l and 4.12. The

guantity evaluated is:
ra —Tm

Ar = , 4.7)

T'm

wherer, is the value of the data map angl the value of the muon map\r is evaluated for
all bins in the quadrant(s) the PMT observes.

The Gaussian shape of the peaks — the redugedf fits to Gaussian distributions is
smaller than 1.4 — shows that the response maps have the sanad torm. There are no
changes in alignment of the PMTs during launch or flight. Thdthe of the distributions
are dominated by the statistical fluctuations of the carbmhaxygen maps. Th€erenkov
detector suffers more from poor statistics because of thalensignal. The width changes
as expected when only parts of the data from the flight is usegd. (selection A). It was also
shown that the distributions are commensurate for the fingdtsecond half of the flight.

The relative difference in peak positions between carbahaygen reflects the change
in signal with the charge of the incident particle. For thatitator signals this difference
is expected to be 1.6 and is measured to be 1.6. Also fo€trenkov signals an excellent
agreement is observed between the expected separatio® arid the measured value of 1.7.
This shows that the overall signal height is of no importatacthe response maps. They are
independent of PMT gain changes.

The comparison of lateral response maps from pre-flight mamal in-flight oxygen and
carbon shows that the muon maps are valid for the entire flight
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Figure 4.15: Average oxygen signal as function  Figure 4.16: Average oxygen signal as function

of time for PMT 8 in the top scintillator to il- of time in the proportional tubes of manifold 6
lustrate gain variations during flight. Gaps occur to illustrate gain variations during flight. Gaps
due to interruptions in the data taking. occur due to interruptions in the data taking.

4.5 Time Dependent Gain Normalization

The gain in the proportional tubes and PMTs is not entiredylst during 4.5 days of flight.
Temperature, voltage, and variations in gas pressure cligbe gain drifts with time. The
signal of each PMT is corrected individually, thereby seftihe signal normalization for all
Cerenkov PMTs and scintillator PMTs. The gain in the propoidi tube system is corrected
for each of the manifolds, which provide gas and voltage ¢arklividual tubes.

The gain is normalized with oxygen data after a prelimindrgrge estimation. The aver-
age signal is computed in 10 minute bins for the whole dunadicthe flight. Figuré 4,15 and
Figure[4.16 show the average signal for a PMT and a manifalgestively. These average
signals are used as correction factors to normalize albresgs by time bin. The gain during
flight is stable within about 10% of the mean gain in the PMTd proportional tubes.

4.6 The Reconstructed Signal

4.6.1 Scintillation andCerenkov Signal

The signals from the PMTs in the scintillation aBerenkov detectors are read out and digi-
tized to 4096 ADC bins. For the analysis the signals of all BMifie used, provided the PMTs
are active at the time of the event, are in the quadrant theclgaintersects the detector, and
are not saturated.

Each PMT’s signai; is corrected to vertical track length in the detector matday a zenith
angle correctioros ©. It is corrected for gain drifts by a time dependent nornagion ¢;(¢),
and for lateral response non-uniformitieg$z, y). Gain normalizations and lateral response
corrections are described in Sectiond 4.5[and 4.4, resphcti
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After these operations the signals of all PMTare combined to an average sighal

1 S;
5= n Z ci(t)ri(z,y) cos© (4.8)

This is the signal used in the following analysis to detemrcharge and energy of cosmic-
ray events. Itis required for the later analysis that theaigvas reconstructed from at least 3
PMTs. Typically, events are seen by 6 to 7 PMTs of a quadrant.

4.6.2 dE/dX-array and TRD Signal

For the signal reconstruction of the proportional tubdsa@lve tubes are used through which
the trajectory of the event passes.

The signal of each tube is corrected for spatial gain vamiat{Section 214), time dependent
gain variations (Sectidn 4.5), and is converted to the uwhBEale described in Sectibn #4.2.

After these operations the tube signajsare combined to an average taking into account
the length of the trajectory through each tube. The signdlerdE/dX-array is the average in
the top 8 layers, the TRD signal of the bottom 8 layers of th@grioonal tube system. If both
signals are equal within fluctuations, no transition radratvas produced in the TRD and all
16 layers (dE/dX-array and TRD) measure the specific iominati gasdE /dX . The average
signal$ is defined as .

S = —ZZ"::]ZSQ: for Az; > 1cm, (4.9)
where the summation is over the tube layers. For the dE/dd§tér = 1 andn = 8, for the
TRD k = 9 andn = 16. For events without transition radiation the average digaa be
calculated for the whole proportional tube array with- 1 andn = 16, thereby reducing the
signal fluctuations by/2.

Tube signals are excluded, if the associated track ledgthis less than 1 cm. This is
necessary to reduce statistical signal fluctuations daeuhby small signals, and because
particles skimming the tube wall may produce enhanced Eghee toj-ray production in the
mylar tube body/[73].

On average 14 of 16 possible tubes are hitin an event. Sigicalifitions and the resulting
energy resolution are mentioned in Secfion 2.3.3.
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CHARGE MEASUREMENT

5.1 The Scintillator-Cerenkov Correlation
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Figure 5.1: Top scintillator vs. bottonCerenkov signal for elements from B to Si. Both signals are
scaled to be linear in charge. Elements are grouped along lines of cocizéage. The dashed line and
points illustrate the charge line parametrization for neon.

The charge measurement relies on the correlation of thalsiom the scintillation and
Cerenkov detectors. As an example, the correlation of tatiation and bottonCerenkov
detectors for elements up to silicofd & 14) is shown in Figuré 5]1. The elements are aligned
on lines of constant charge. The lines visible in Figl 5.1 bardistinguished because the

41
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signals scale withz-55 and Z2 for the scintillation andCerenkov counters, respectively. In
order to establish linearity in charge, the scintillatod &erenkov signals are scaled to the
power 1/1.65 and 1/2, respectively.

For the analysis the combinations of scintillation &erenkov counters used are top/top,
top/bottom, and bottom/bottom. Correspondingly, the cbsu@ye measured at the bottom of
the instrumentZ,,; (bottom/bottom), and at the taf,,, (top/top). For data selection C the
charge at the top of the instrument4g, derived from the top/bottom combination.

At low energy, belowCerenkov threshold (0.33 GeV/amu), clusters of events aamged
along a line almost parallel to the ordinate, which corresjsato residual scintillation in the
Cerenkov material. With increasing energy, therenkov signal increases, while the scintil-
lation signal decreases according to the Bethe-Bloch relafitve Cerenkov response satu-
rates slightly above the signal level corresponding to thexgy of a minimum ionizing parti-
cle. Events above that energy are clustered around the thaintorresponds to the saturated
Cerenkov signal and a constant scintillator signal, whicjuss slightly above the minimum
ionization level.

5.1.1 Preliminary Charge Estimation

Some normalizations derived in Chaptér 4 require samplexofidual elements. These sam-
ples are selected directly from the scintillaterenkov correlation, because the final charge
measurement needs all corrections in place.

Carbon, oxygen, and iron samples are generated by cuttiragessjout of the correlation
space around minimum ionizing energy. The location of talection coincides with the mid-
dle marker along the lines of constant charge, an examplénmhws illustrated in Figure 511
for neon.

The quality of this cut and its efficiency are not of concerndalculating signal correc-
tions.

5.1.2 Parametrization of the Lines of Constant Charge

To assign a charge value (not necessarily an integer chi@rgery point of the signal corre-
lation of Fig[5.1, first th&€erenkov and scintillator signals are parametrized fortlereergies
as functions of charge. These three fixed points in the sigpraélation for each charge are
then used to define lines of constant charge in the scaledsemtation, as Fig. 5.1 shows as a
dashed line for neon.

The energies used for the parametrizations correspofiittenkov threshold, the energy
at minimum ionizing, and the energy at saturation of thetglztion andCerenkov responses.
The three thick markers in Figuke 5.1 illustrate the sigradrdinates at those energies for
neon.

The Cerenkov Signal as Function of Charge The Cerenkov signal is always propor-
tional to Z* (see Eq[2]2), so only thé-dependent proportionality factd¥(3) is fit at each
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energy:
- G- 77 Ly _ 2
50—1_—1/712'(1‘712—52)—0(5)'2’ 6.1

with a different value folC' at each of the three different energies. The proportiontdittors

are found for both, bottom and t&perenkov detectors, in the three counter combinations used.
In the top/bottom and bottom/bottom combinations, the seahge was found for the bottom
Cerenkov signal.

The Scintillation Signal as a Function of Charge The scintillation signabs is proportional
to the light yield in the scintillating material. Due to awsdtion effect the light yield L /d X
is not exactly proportional to the deposited enef@y)/d X .

Scintillation light is produced when ionizing radiationoges the scintillating material. If
the energy deposit is very large in a small volume, all mdiecare excited and thus the light
output saturates at the core of the ionized volume. Espgdétalheavy ions, this means that,
although the energy deposif’/dz is proportional toZ?, the light yielddL /dz is not. The
exponent is energy and charge dependent. There are manysnodiescribe this effect, e.
g. by Voltz [87] and Birks|[17]. Here we follow an empirical aegption of Matsufuji [56]
describing the light yield as

JE\ PED)
Sy o —— = ao(E, Z) (d—) = o(E, 7) - 7P B2 (5.2)
X T

with the parameters andg that themselves are functions of charge and energy.

The parameters and/ are estimated as functions gfat the three energies used for the
parametrization by fits to the data. This way the scintilatsignal can be expressed as a
function of chargeZ at these three energies needed. For the scintillators wsegshs about
0.8, so that the light yield is on average proportionaktd>. The exponent of the charge is
smaller than that for heavy elements and closer to 2 for Bigrhents because of the different
extent of the saturation effect.

Charge Line Parametrization With the scintillation andCerenkov signal parametrized as
functions of charge at three energies, three points areatkfor each element on its line of
constant charge. These three points are illustrated ifbElgfor neon.

They define two linear functions along the lines of constdrarge in the scaled signal
space shown. This is the parametrization of the scintillsignalSg as a function o€erenkov
signalS¢ and chargé:

Ss = f(Sc, Z). (5.3)
This parametrization is calculated individually for alltdetor combinations used, and is a

steady function of Z in the whole signal space. It is used @ribxt section to assign each
event a measured charge.
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Figure 5.2: Charge histogram from boron to iron for the average chaige global fit is shown as a
solid line, with the results for individual elements as dashed lines. See tedetails.

5.2 Charge Assignment and Resolution

For each event, a charggis obtained from the measured scintillation aerenkov signals.
In general, this charge is not an integer number.

Three charges are determined: two at the top of the instruignand Z,;,, and one at
the bottom of the instrumerit,,;,. For data selection C, for which the tﬁterenkov detector
cannot be used;, is used in the analysis instead.df,,,.

Individual charge resolutions are found for all elementsalbthree reconstructed charges
with a Gaussian fit to peaks of the charge histogram. For ¢ésnents are selected by the
respective other charge: For determining the bottom chaag@ution an element is selected
by a hard cut on the top charge and vice versa. Resulting clmasgéutions are given in
Table[5.1.

The bottom chargeZ,, is less precise than the top charggs, and Z,, because more
d-rays contribute to the total signal in the bottom scintdfa Of the top charge§,,, is more
precise, but the shortcoming &, is small compared to the one af,;. This results in a
slightly worse charge resolution for data selection C.

The best charge resolution is obtained by combining top attbim charges to average
chargesZ; and Zy:

5 _ Ziop + Lot - Zp + Zbot.

t , OF Zy =

5 5 (5.4)

For Z,, for data selection C, the top charge, is replaced byZ,,. The charge resolutions of
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Figure 5.3: Charge resolution of the average chargesnd Z,. Without the use of the toferenkov
counter the charge resolution is slightly reduced Zgr. The depicted uncertainties are propagated
from a Gaussian fit that determines the resolutions of the individual esayg,, Z,,, andZ,;.

the average charge is thén= 0.5 - | /07, + 07,. Although this uncertainty is in principle
enlarged by a small correlation factor when usifig such an effect could not be found within
the precision of the determination of the charge resolgtion

Figure[5.2 shows a charge histogram for all elements fromgllnen to iron (Z = 4 to
26) for the average chargét derived fromZ,,, and Z,,;.. A global fit to the histogram is
illustrated as a solid line, with the results for individiedeéments in dashed lines. The fit
assumes Gaussian peaks for all elements, so that the fildnrict?) is

(z-2,)?

F(Z) =Y Ac a2 (5.5)

with the normalizatiord;, the peak positior¥Z;, and the individual charge resolutionsfor
all elements from Be to Fe.

The resolutions found in the fit are in excellent agreemeth e ones found by prop-
agating the resolutions of the individual charge measunésni® the average charges. The
charge resolutions for the average chargeandZ,, are given in Tabl€5]1 for iron, oxygen
and carbon. They are also shown in Figured 5.3. It can be sesrtith measured resolu-
tions are charge dependent and can be modeled as a lineéiofuntthe charge. This is
the case, because the scintillation signal is not propmatito the square of the charge. The
absolute charge resolutions for boron and carbon for thmgea:hargeﬁt andZ,, are about
0.23 charge units. They are equal within their uncertainties, presumablyabee the satura-
tion effect in the scintillation counters for the two lighements is very similar leading to the
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Table 5.1: Measured charge resolutions for carbon, oxygen and iron in change e. Given are
resolutions of individual charges,,,, o, andoy,,; as well as the resolutions of the average chaéges
andsy,.

element oy, ow Ot Oy 0w

carbon 0.29 0.31 0.36 0.23 0.23
oxygen 0.31 0.33 0.42 0.25 0.26
iron 061 064 09 0.55 0.55

same resolution.

The difference in resolution of the average charge betwatnsklections A and B, to data
selection C, where’,;, has to be used, is small (see Hig.l5.3). This means that thgechat
efficiencies over the whole flight are very similar.

The charge resolutions of the three individual charge mreasents are in agreement with
the charge resolution found in the analysis of the data frarfiez flights of TRACER.

5.3 Charge-Changing Interactions

Neglecting signal fluctuations and interactions betweentdp and the bottom of the instru-
ment, an event will be located exactly on its line of constmdrge in correlations of any
counters, top or bottom. However, energy loss and chargagihg interactions cause events
to deviate from this expectation.

Events lose energy on the way to the bottom of the instrumiéot.a high-energy event
this loss is not significant and it will stay on its charge lik®r a low-energy event, however,
this loss can be large and it produces then a larger signakimaottom scintillator, and thus
appears as a heavier nucleus at the bottom.

More important is the necessity to exclude events that unelercharge-changing inter-
actions in which a nucleus of chardggesplits up into two products with chargeg and 7,
(Z1 + Z», = Z). The products of the interaction will produce a smallensltation signalSs
and thus appear as a lighter particle in the bottom, bechesggnal is proportional to a power
of the charge, and the power of a sum is larger than a sum ofrgsowe

(Z1+ Z)" > 27 + Z3, (5.6)

with 7, Z,, andn greater than 1. Requiring consistency in the charge measmtsron top
and bottom permits to exclude interacting particles.

Figure[5.4 shows the charge distributionff; of events determined as iron at the top of
the instrument. The figure illustrates both effects, whemtieasured distribution is compared
to the Gaussian fit to the upper flank (solid line). Above theeditcurve very low-energy
particles appear as heavier nuclei. Below, the long taiblasis due to interacting particles
that appear as lighter nuclei ify;. These interacting nuclei have to be avoided in the analysis
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Figure 5.4: lllustration of interacting iron nuclei. Bottom Chardg,; distribution of events identified
as iron at the topZ;,, = 26 £ 0.1. About 50% of iron nuclei undergo a charge-changing interaction
within the instrument. The solid line represents a Gaussian fit to the upperofidn& distribution to
illustrate non-interacting nuclei.

An estimate of how many nuclei interact within the instrutngam be derived from the data
themselves or can be calculated if the total cross secti@nkreown. From Figurg 5.4 it can
be estimated that about 50% of iron nuclei undergo a chdnrgaging interaction within the
detector (from topCerenkov to bottom scintillator), which is in agreement vitie survival
probability derived in the next section.

Calculation of Interaction Losses

The losses due to charge-changing interactions in theumsint and the residual atmosphere
above the instrument must be taken into account and thuslatdd. Therefore, total spallation
pathlengths are estimated from total charge-changing @estions derived with the Bradt-
Peters form (see for example [93]):

2
o = (A}/3 AL - b) , (5.7)

with the mass number of the incident particle, the mass number of the targét, and the
parameters, = 1.35 fm andb = 0.83. The interaction lengths; for all materials (with mass
m;) encountered by the particle on its way through the atmaspaed detector have to be
evaluated individually for each cosmic-ray elemgnd,; = m;/o;;.

The survival probabilityP; of a nucleus; can then be expressed as the product of the
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survival probabilities through each material layer

P, = Hexp [—)’\0—1] , (5.8)

with the column density of layer, p;.

A detailed material list of the instrument determines thialtoolumn density of the active
detector parts to 7.7 g/émthe average residual atmosphere above TRACER was 4.5 g/cm
The survival probability through instrument and atmospHer iron or boron nuclei are 31%
and 58% respectively.

One big advantage of a space mission is to avoid interaciitie atmosphere. Still, the
survival probability in the detector itself is 48% and 73% ii@n and boron respectively, in
agreement with the observation in the iron data (se€ Eily. Blese survival probabilities are
calculated for the average incident angleésof 30°.

In the data analysis this survival fraction is taken intocact as a modified aperture for
the instrument for each element. For example the geomeddttare of 3.85 rhsr found in
Sectior Z.2.2 is reduced to an effective aperture of £2mfor iron or 2.22 m sr for boron.

5.4 The Selection of Elements

For the selection of elemental data samples, a charge cet¢dea that produces clean samples
with high efficiency. The most natural way to exploit the twalépendent charge measure-
ments of TRACER is to realize a charge cut in the two-dimensipasameter space df,,,
andZ,,;. The two-dimensional charge histogram for light elemewnt®b to oxygen is shown
in Figurel5.5. It shows the clearly separated Gaussian p#dke light elements.

A reasonable charge selection cut would be hhedntour around the charge peaks. How-
ever, in order to maximize the selection efficienciesmd minimize contamination by adjacent
elements at the same time, a different optimal shape of thwasidetermined. To still follow
the shape of the peaks in Hig. 5.5, the chosen selection aatallipse with half axes commen-
surate with the charge resolutionsi,, and Z,,;. The center of the cut ellipS€’;., / Cpot]
is at the fitted peak position. The shape of the selectionsdilltistrated in Figl 516, next to a
parametrization of the elemental distributions of B, C, N, énd

The half axis in the top-charge directid),, must be small enough to avoid contamination
by adjacent elements. It is noteworthy that contaminattomflower charges is no issue for
the energy measurement, but that contamination from heauigei is important to avoid.
This is the reason why in the case of boron the center of trectah cut is offset slightly
towards lower charge anH,,, is chosen to be rather small, although this results in a lower
efficiency for boron.

The half axis in bottom-charge directioR,,;, is chosen to avoid interacting events that
appear at lower charge in the bottom. The restriction towaigherZ,,, does not have to be
as strict, so the upper half axis of the selection cut us@d i8,,;. This allows for higher re-
constructed charges to be accepted, which are due tordneeffect in the bottom scintillator.

It was found that the selection cuts defined like outlinedhkeintroduce some energy bias.
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7 8
e 0 4

Figure 5.5: Two-dimensional charge distribution for B, C, N, and O data. The Gaugsaks are
clearly separated.

Therefore, cut efficienciesare determined for data samples below and above 3 GeV/amu.
The low-energy efficiency’” is higher than the efficiency at high energié¥’, because the
o-ray effect in the scintillation detectors causes linesaristant charge to be grouped more
closely at high energies. This effect is more pronouncedhéarvy elements as can be seen in
Table[5.2.

The efficiencies were estimated using the parametrizatfaimeo charge peaks by 2D-
Gaussian distributions. The Gaussian distributions (shiowFig.[5.6) were fitted to the data
close to the peak position to avoid biases due to interastma contamination. The efficien-
cies are derived as the integral within the cut areas divilethe total integral of the found
Gaussian functions.

The cut parameters and cut efficiencies are summarized iebah The same selection
cuts are used for all data. The efficiencies have been detedior data selections A, B, and
C (see Sectioh 2.5) individually, as well as above and bel@e8/amu. The total efficiency
is then the weighted average of the efficiencies for eaclctsete
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Figure 5.6: Parametrization of the charge distribution of top and bottom charge for8, &)d O. The
shape of the selection cut used is illustrated.

Table 5.2: Parameters of charge selection cuts for boron, carbon, oxygerramdsiven are the cut
positions in top and bottom charg€,, / Ci.:] and the radii of the cut ellipseB;,, and Ry.;. Also
efficiencies are given in the low- (LEx< 3 GeV/amu) and high-energy (HE, 3 GeV/amu) region for
selections A, B, C, and the complete data set.

element [Ciop/Crotl Riop Roor |57, €] [ef”, e5®]  [e6”, €] [, €P]
boron  [4.9/4.85 0.30 0.32 [0.56, 0.42] [0.46,0.39] [0.45, 0.30] [0.48, 0.36]
carbon [5.95/5.9] 0.32 0.36 [0.62, 0.49] [0.55, 0.45] [0.54, 0.40] [0.56, 0.44]
oxygen [8.0/8.0] 0.52 0.60 [0.86,0.73] [0.84,0.70] [0.76, 0.62] [0.81, 0.68]
iron [26/25.5] 1.00 1.20 [0.82, 0.63] [0.79, 0.51] [0.74, 0.43] [0.78, 0.50]

5.5 Carbon Contamination in the Boron Sample

For the low-abundance element boron it is especially ingmrto avoid contamination from
the highly abundant adjacent element carbon. Carbon of anengg £/ would be incorrectly
identified as a boron nucleus of a much higher enéfgiyn the energy measurement, and thus
influence the measurement of the boron-to-carbon raticetigre

The contamination is estimated by evaluating the two-dsi@ral parametrization of the
carbon charge distribution inside the boron selection Algo, the number of carbon events
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that fluctuate into the boron selection cut is estimated fdata themselves. Therefore the
cut silhouette for boron is moved around the carbon peak wifaregion, where no boron is
present. Assuming the carbon peak is symmetrical, the nuailevents at the off position in
the selection cut is equal to the carbon contamination irséhected boron sample.

Both methods reveal a contamination of abdb + 12 carbon events in the sample of
40,000 boron events (0.6%) above 3 GeV/amu. This small oangtion still has to be taken
into account when the boron energy spectrum is constructddhee boron-to-carbon ratio is
determined (Sectidn 6.3.1).

Contamination from the lighter element beryllium can be aetgd.






CHAPTER®G

ENERGY MEASUREMENT— THE ENERGY
SPECTRA OFCosMIC RAYS

In this chapter the energy spectra of iron, oxygen, carbad, l@oron are determined and
discussed. Quality cuts applied to the data are explainedelisas a high-energy selection
cut, necessary to discriminate between high- and low-gneagdicles. After all equations are
given to derive the energy spectra, all efficiencies and sxqgofactors are presented.

Special care is taken to reduce correlations between adjacergy bins. In a steeply
falling spectrum more events fluctuate into a bin from its-lemergy neighbor, than out of it.
This effect is accounted for with the so-called “overlapreotions”.

Additional effects introduce a bias to the measured engrggtsum of boron and must be
corrected: Contamination from carbon and the atmospheodyation of boron from heavier
elements.

The necessary response functions in energy, signal flushsatind energy resolutions for
all three sub-detectors used in this chapter have beenildeddn Section 2)3.

6.1 The Determination of the Spectra

6.1.1 Quality Cuts and High-Energy Selection

The energy spectra are derived from high-quality events:tidck of every event must be well
defined through the whole proportional tube array. This i&ssa large lever arm for a good
trajectory reconstruction. All proportional tube signaishe dE/dX-array and TRD used have
to be consistent within 40%. This excludes very low-energgnés and events with anomalies
in tube response. Events have to be seen by at least 3 PMTem suintillation detector or
Cerenkov counter.

These quality cuts have a combined efficiency of about 90%adkthtional quality cut for
low-energy events (below 3 GeV/amu) accepts only eventgwittz angles betwee3n° and
32° in order to ensure total internal reflection of @#renkov light. This cut accepts only 4.3%
of all low-energy events, but the overwhelming number of-Emergy events still assures good

53
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statistics.

The energy measurement is done with the bot@erenkov counter (at about 1 GeV/amu),
the dE/dX-array (10 to 500 GeV/amu), and the TRD (above 700/&@®a\). Accordingly, the
spectra are determined with data points based on thesesihiegetectors.

As can be seen from the response functions in[Fig.] 2.10, 8ponse in the proportional
tube array is ambiguous. Low-energy events and high-ererggts produce large signals in
the proportional tubes. This degeneracy is resolved byiiagua largeCerenkov signal.

Figure[6.1 shows the correlation of the dE/dX signal withltbetom Cerenkov signal for
oxygen. The minimum of the correlation corresponds to mummionizing energy, 2.78 GeV/amu.
In the normalization used here, minimum ionizing energytis.a7 - Z* in the dE/dX signal
and0.51 - Z2 in the Cerenkov signal. Accepting only events wittCarenkov signal greater
than0.51 - Z?2 for the high-energy spectrum (above 10 GeV/amu) avoids¢igegeracy in the
response functions of the dE/dX-array and the TRD. This ccalied “high-energy selection
cut” and is shown in Fid. 611 as a solid line. The efficiencyto$ tcut is discussed together
with the effect of bin correlations in Sectibn 6.1.4.

Another necessary cut is illustrated in the correlatiormefdignals from the top and bottom
Cerenkov detectors, see Fig.16.2 for oxygen nuclei. Residirtiliation has been subtracted,
so the distribution begins at zero for both counters for &vevith energy belowCerenkov
threshold. Then, the tofierenkov signal increases while events are still bef@svenkov
threshold in the bottom of the instrument due to energy I35s.the energy increases, the
distribution crosses the diagonal. Above about 1.2 GeV/graticles are above the diagonal,
because the bottoferenkov signal is enhanced dueitrays (see Sectidn 2.3).

In this plot a few events appear above the diagonal with higtom Cerenkov but small top
Cerenkov signal (thick markers in Fig. 6.2). These eventa/$aige signals in the proportional
tube system, are about as abundant as TR events, but areémengy. They presumably lose
all their energy in the instrument and may stop in the bott@enenkov detector, causing a
large scintillation signal. These events are removed bytacithe topCerenkov signal as
illustrated in FigL6.R. This cut is 100% efficient and effeet

6.1.2 Determination of the Differential Flux

From the number of eventSN; in an energy bin of width A E; the differential flux is derived

as:
dNY\ 1 AN; w;
(d_E)i T QAE ¢
with the total exposuré, the total efficiency;, and the overlap correctian,. The weighted
mean energy in a bin, is not at the center of the bin, but shtfiea smaller energy due to
the steeply falling spectrum (see [50]). At this enefgshe flux is:

AN .
LB 6.2
7 =C (6.2)

For the number of events in birholds

(6.1)

Eii1
AN, = / CEdE, 6.3)
E;
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Figure 6.1: Proportional tube vsCerenkov Figure 6.2: Correlation of Cerenkov signals
signal (oxygen data). The minimum of the (oxygen data). Events that suffer significant en-
correlation is at minimum ionizing energy ergy loss through the instrument are below the
(2.78 GeV/amu) corresponding to signals of diagonal (dashed), fake high-energy events are
3.07 in the dE/dX-array and 0.51 in the bottom above the diagonal (dots). Quality cut and high
Cerenkov (peZz?). The cut to distinguish high energy selection cut are indicated by solid lines.
energy events is illustrated by a line. Note that Note that the z-scale is logarithmic.

the z-scale is logarithmic.

and then it follows fork:

n 1 1 l—a 1-a e

The highest-energy data point in all spectra is an integadtplt is plotted at the median

energyFj:
) 1—a71/(1-a)
Eint = [%] ) (65)
with the low edge of the integral bif;,,,. The flux value of the integral bin dt,,; is
dN 1 wine (v — 1)E‘§Z
e = ANm iy o . 66
<dE >int ' Q € Ello;a ( )

The mean energ¥ and the flux in the integral bin depend weakly on the poweritalex
« of the spectrum. An iterative procedure is used to take thpeddence into account. The
initial value of « is estimated from previous experiments, and is then in thestep modeled
to match the present data. This process converges veryniasha spectra are stable after the
second step.

Equations[(6]1),[{614) and(6.5), (6.6) define how to cateuthe proper flux values and
energies for the energy spectra of each element. In thenolgpsections the necessary input
values are described.
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6.1.3 Event Counting and Efficiencies

To determine the energy of a particle different sub-detschoe used. Low-energy particles
(below 3 GeV/amu), with a bottor@erenkov signal of less than 0.5, are evaluated with
the bottomCerenkov signal. The remaining nuclei are evaluated witld&eX-array signal.

If their TRD signal and dE/dX-array signal are high enouglytaee evaluated with the TRD
signal. In this way, the spectra are split up into three sEpagnergy regions commensurate
with the energy ranges of the three sub-detectors.

The bins of the low-energZerenkov spectrum are defined in energy. The bin edges are
setto 0.8, 1.0, 1.3, and 1.7 GeV/amu. For each event the mesbsignal is translated into an
energy using the response function of the bott@enenkov detector. This energy is propagated
through the detector and the residual atmosphere using the8toch formula (see Ed. (2.3))
and a detailed list of materials used in the instrument. Atttip of the atmosphere the energy
of the particle is estimated to be about 0.1 GeV/amu higheaar #i the bottom of the detector.
The event is then registered in the appropriate energy bin.

The binning of the high-energy spectra (above 10 GeV/amoptisnized in order to min-
imize the need for corrections. The bins are defined in sigpate of the dE/dX-array and
the TRD, and have to be at least 1.5 times as wide as the measgnedi fluctuations. This
keeps bin correlations at a moderate level. The lowest e edlabout 10 GeV/amu, closest
to the high-energy selection cut, is chosen to minimize tt&s enfluence on the spectrum.
Bin correlations and the efficiency of the high-energy s@&ectut are described in detail in
the next section (Sec. 6.1.4).

Two energy bins are realized for B, C, and O in the energy rangbeodE/dX-array
between 10 and 50 GeV/amu. Three bins could be used for idnsimange. For all elements
one integral bin was used in the TR region above 1000 GeV/arha.TR bin is at least 1.5
standard deviations in signal fluctuations separated ftwenhighest dE/dX bin in order to
avoid spillover.

Figure[6.38 illustrates high-energy data and binning forgety About 500,000 oxygen
events above 3 GeV/amu are shown in a correlation of the dafdd§ signal and the TRD
signal. Most of the events are clustered around the signpadifcles at minimum ionizing
energy 8.07 - Z% in both signals: white marker in the figure). As the energyeases events
start to climb towards higher signals along the diagonatesimoth signals are equal within
fluctuations. Above about 780 GeV/amu the signal in the TRDnisaeced by transition
radiation and events deviate upwards from the diagonal.r@$gonse function is indicated by
the dash-dotted line. From all events, about 20 are posgRlevents (thick markers). In this
region the correlation plot is remarkably free of backgmbuhhe dashed lines indicate the bin
edges for the spectral analysis and correspond to 10, 90a#480L500 GeV/amu.

Very similar correlation plots like Fid. 6.3 for oxygen, veeevaluated for iron, carbon,
and boron. For the light elements the same bins as for oxygee wsed, since they were
constructed to be 1.5 times as wide as the measured signaidfiions for boron nuclei. The
event counts and bin edges are summarized together withukesdlues in Tablé 613 for
carbon, oxygen and iron, as well as in Tdbl€ 6.4 for boron.

Table[6.1 summarizes all exposure factors and efficienced to derive the spectra for
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Figure 6.3: dE/dX-array signal versus TRD signal (measured in units of ADLH@r high energy
oxygen data. The diagonal, the TRD response curve, and bin edgislmated by lines. Possible TR
events are shown in bold markers. See text for details.

boron, carbon, oxygen, and iron. The exposure is the praufiitie total active lifetime (see

Section2.b), effective aperture (Section 2.2.2), andisimy probability through the instru-

ment and the atmosphere (Secfion 5.3). The resulting alesatwmalization of the spectra is
thus corrected for spallation losses and represents thaffiine top of the atmosphere.

Some of the efficiencies given in Talblel6.1 depend on enerdgyaalear charge. They are
evaluated for all elements and energy regions separatbly fiepresent the zenith-angle cut
for the low-energyCerenkov spectra, the tracking efficiency, the quality-fitiency, and the
charge-selection efficiency. The total efficiency is therappate product of all efficiencies for
a given element and energy region. The overall efficiencpimsidated by the charge-selection
efficiency and is about 50% for oxygen.

6.1.4 Evaluation of Bin Correlations

Bin correlations have to be accounted for from two effects:r€ations between bins in low-
energy and high-energy spectra, which arise from the irepadn of the high-energy selection
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Table 6.1: Summary of all efficiencies and exposure factors. Charge or enegndent values are
given for each element or energy range (denoted by the sub-detisetdy, respectively.

item spectrum all elements boron carbon oxygen iron
exposure factor all — 5.22 5.09 472 281
(m?2sr days)
CER 0.043 — — — —
zenith cut dE/dX — — — — —
TRD — — — — —
tracking efficiency all — 0.90 0.92 092 094
CER — 0.87 0.88 0.88 0.89
guality cuts dE/dX — 0.88 0.89 0.90 0.88
TRD — 0.88 0.89 090 0.88
CER — 0.49 0.56 081 0.78
charge cut dE/dX — 0.36 0.44 0.68 0.67
TRD — 0.36 0.44 0.68 0.67

cut and correlations between adjacent energy bins due flutiieation of events between bins
of a steeply falling spectrum. More events fluctuate upwairds higher energy bins, than
downwards. Thus, the uncorrected spectrum is too hard.

Both correlations arise from fluctuations in the measuredadgy The signal fluctuations
have been determined from data and are described in SECEéh Both correlation effects are
taken into account by so-called “overlap corrections” dtameously determined by a Monte
Carlo simulation.

The Monte Carlo simulation is based on a model that assumesrgdaw spectra commen-
surate with previously published data. At high energy, spéindices in agreement with the
earlier TRACER measurements [12] are used. Other input paeasrare the definition of the
bins, the response functions of the sub-detectors, and ¢lasumned signal fluctuations.

The exact shape of the power law (i. e. the spectral indexpéatite response functions (e.
g. value of the relativistic rise, see Sec.2.3) have onlyomimpact on the corrections. Also,
the corrections are not sensitive to the width of the binsyidled they are at least 1.5 times as
wide as the fluctuations of the measurement.

It was found that the overlap corrections are most senditithe measured signal fluctu-
ations. This uncertainty is propagated to the correctictofa and thus to the final spectra as
a source of systematic uncertainty. In order to keep thesstatl uncertainty to a minimum
30 - 10° events from 0.4 to 5000 GeV/amu were simulated for each eleme

The individual correction for the high-energy selectiohaepends strongly on the position
of the low edge of the lowest dE/dX bin. This bin edge is chdsarsult in a correction factor
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close to unity.

The values of the factors needed to correct for bin coriatare derived from a matrix
filled with simulated events according to the model describbove. The matrix element
M;; is filled with events that should be in bin(unfluctuated signal) but are counted in bin
j (fluctuated signal). The diagonal entries are then coyexgbkigned events. One row and
column of the matrix are used to evaluate the high-energacseh cut.

The combined correction factor for the two effects in bia the ratio of the sum over the
corresponding row to the sum over the corresponding column:

_ 2 M
> M

Overlap corrections are always smaller than 1 and very ¢toseity for theCerenkov and
the TRD bins. Bins in the energy range of the dE/dX-array sudfigfer corrections due to the
poor energy resolution of this sub-detector. For examplerlap correction factors for carbon
are 0.88 and 0.61 for the two dE/dX bins, respectively.

(6.7)

Wy

6.2 Energy Spectra of Iron, Oxygen, and Carbon

Here the energy spectra of the primary cosmic-ray elemeoits bxygen, and carbon are
presented. For these elements no significant contribufrans spallation of heavier nuclei
in the atmosphere is expected. The differential fluxes haen Ipropagated to the top of the
atmosphere. They are presented as a function of kinetiggiper nucleon.

Table[6.8 summarizes the results: energy bins and the meagyeper bin (see Eq 8.4),
number of events, and the resulting flux values. Uncer&sntin the differential fluxes are
given separately for statistical and systematic contidimst Figure§ 614, 615, and 6.6 present
the measured energy spectra for iron, oxygen and carbopeately. They include pre-
viously published data for comparison. For clarity all gpg@re also shown multiplied by
E?%%_ The highest energy data point, the TRD bin, is an integraitdor all elements.

The statistical uncertainties plotted in Figs.16.4)] 6.5 as error bars and given in
Table[6.3 are based on Poisson counting statistics, witluticertaintyy/N for N counted
events. For ten and fewer events, errors are asymmetric @nebjoal tov/N. Especially if
just one event is counted, as in the highest energy bin for the statistical uncertainty is +2.3
and -0.831[32].

The systematic errors are evaluated taking into accourgrtainties for overlap correction
factors (i. e. signal fluctuations), calculated efficiesciand imperfect knowledge of the re-
sponse functions. For these, uncertainties are assumked @stimated signal at the energy of
minimum ionizing particles (MIP), normalization of ti@erenkov response function, relativis-
tic rise in the dE/dX-array, energy of TR onset, and the ntaglei of the TR signal truncation
due to the new gas mixture. All these parameters of the resgpfumctions are mentioned in
Section 2.B. Additionally, a systematic uncertainty stérom the assumed spectral indices
used to calculate integral fluxes and plot enerdiesThe individual values of the assumed
uncertainties are given in Talle 5.2. The resulting totateyatic uncertainty is evaluated
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Figure 6.4: Differential energy spectrum of iron as derived in this thesis. Thetgpads multiplied
by E255 in the lower panel for clarity. For comparison, results from HEAQ [2RNJ60], ATIC [65],
and CREAM [5] are shown. The error bars are statistical only.
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Figure 6.5: Differential energy spectrum of oxygen as derived in this thesis. pleetaum is multiplied
by E25% in the lower panel for clarity. For comparison, results from HEAQ [2RNJ60], ATIC [65],
and CREAM [5] are shown. The error bars are statistical only.
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Figure 6.6: Differential energy spectrum of carbon as derived in this thesis. péetgim is multiplied
by £2%5 in the lower panel for clarity. For comparison, results from HEAQ [2RN60], ATIC [65],
and CREAM [5] are shown. The error bars are statistical only.
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Table 6.2: Sources of systematic uncertainties, their central values, and their tbsalertainties
assumed.

Source Central Value Uncertainty
Signal Fluctuations 7.3% (B) t0 3.8% (Fe) 0.4% (B) to 0.2% (Fe)
Efficiencies ~50% ~3%

CER Normalization at MIP 0.51 0.04
Relativistic Rise 33% 2%

dE/dX Signal for MIP 3.07 0.03

dE/dX Signal at TR onset 4.45 0.05

TR truncation 19% 3%

Spectral Index « 2.65 (£ > 16 GeV/amu) 0.1

by calculating the elemental spectra assuming the outlr@dmeters at theiro values for
maximum and minimum resulting, measured flux. This flux radeines thelo systematic
uncertainty of the measurement.

For the low-energyCerenkov spectrum the systematic uncertainty is small anteso
mainly from the limited knowledge of the response functiBetween 10 and 500 GeV/amu,
for the dE/dX spectrum, the uncertainty of the responsetion@nd of the overlap correction
factors are the main contributions. The highest energytsgdetata points are most sensitive
to the uncertainty in the energy of TR onset.

The limited knowledge of the exact response functions dauttes the most to the sys-
tematical uncertainties. This could be avoided by an erehtb calibration of the detector at
accelerators. Such a calibration is possible for the whodggy range of the detector and was
conducted before the Antarctic flight in 2003. The detecfmyrades before the most recent
flight (see Sed._2.2.1) necessitated adjustments to thisratidn, which leads to the large
systematic uncertainties, especially at highest energies

The uncertainties affect both, energy and flux measuremeiitaincertainties, also the
uncertainty in the energy measurement, were propagatduetéiux values. In order to do
this the spectral fluxes were evaluated with the steepesw#hdhe most shallow response
functions within the systematic uncertainties. The rasglfluxes represent the lower and
upper systematic uncertainties in the flux measurementatigetuncertainty in the energy
determination.

For iron the systematic uncertainties are affected by artiaddl effect: The dE/dX-array
and TRD signals for iron nuclei are slightly decreased bezafia space charge effect in the
proportional tubes. Vertical incident iron nuclei espégiproduce a dense electron cloud in
the Xe gas that shields off some of the electric potentiaicwieffectively reduces the tube
gain by about 7%. This effect is taken into account as an iatdit source of systematic
uncertainty. The space charge effect is not noticeablerfpiother elements.

Compared to the earlier measurements from TRACER in 2003 []J2tH&8 new energy
spectra for oxygen and carbon could be composed with twaygr®ns in the energy region
between 10 and 500 GeV/amu instead of one. This is possiblke of the improved energy
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resolution in the dE/dX-array compared to the earlier flighthe agreement of the two data
sets suggests similar values of observed spectral indealasalute normalization.

It is evident from Figure§ 614, 8.5, ahd 6.6 that the new tssarle also in good agree-
ment with previous measurements from HEAQ [27], CRN [60], AT6S], and CREAM [5].
Although the new measurements have less statistics than TRAGrlier ones from 2003,
the statistical accuracy is similar to those of the otheldoalborne experiments ATIC and
CREAM and exceed those of the space missions HEAO and CRN. Thg nex@sured spec-
tra reach an energy of up to 2 TeV/amu.

The differential intensities at low energy are consistehnifjher compared to previous mea-
surements. This can be attributed to the different solarulatidn of low-energy cosmic rays
(F < 10 GeV/amu) at the time of the flight. Solar modulation is theegsion of cosmic-ray
flux due to solar activity and follows the 11-year solar cydtestems from the interaction of
the charged cosmic-ray particles with the solar wind. Inftree-field approximation solar
modulation is described by the parameterwhich is the mean energy loss of a patrticle in
the interplanetary medium [20,!34]. It is proportional te thodulation parameter, which is
measured in volts and to which the low-energy cosmic-rayifiurversely proportional. The
modulation parametet was determined by ACE [94] for the time of the TRACER flights. It
was 1030 MV for the Antarctic flight in 2003 and 450 MV for thegfit from Sweden in 2006.
The quantitative effect of solar modulation is charge dejpan

The agreement of elemental spectra of iron and oxygen wétigus measurements, es-
pecially with the earlier measurements by TRACER, shows thantdw measurement and
its analysis are consistent. This gives confidence for thdityaof the results for the lighter
elements carbon and boron, which represent new measurefoeiRACER.

6.3 Energy Spectrum of Boron

For boron, special care has to be taken in determining theggrspectrum. Contamination
from carbon and production of boron in the atmosphere catheameasured spectrum. These
effects are treated in the following sections before th@b@pectrum is presented.

6.3.1 Carbon Contamination

Due to the finite charge resolution and the large abundancarbbn some carbon events will
contaminate the selected boron sample. As outlined in @€8f4, the charge selection cut
used for boron is optimized for efficiency under the conatraf low contamination.

At low energies (i. e. below 3 GeV/amu), no significant contaation is found in the large
number of boron events due to the good charge resolution.

At high energies, above 3 GeV/amu, the relative amount dfarato boron is higher and
the charge resolution is reduced. Thus, a significant canttian of the boron sample by
carbon nuclei is expected. In Sectionl5.5, it was found thathigh-energy boron sample of
about 40,000 events contains 250 carbon events. Placing @ndine maximumCerenkov
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Table 6.3: Flux and energy values of the spectra of primary cosmic-ray speciesuradawith
TRACER in 2006. The kinetic Energ¥ in each bin is derived according to Ef.(6.4). The number of
events counted in each bin is stated.

Element Energy Range Kinetic Energy Number of Flux£ostat £ 0sys
(GeV/amu) E (GeV/amu) Events (M s sr GeV/amu)!
Fe(z=26) 0.8-10 0.9 593 (4.14-0.24+0.1) x 107!
1.0-1.3 1.1 487 (2.78: 0.1+ 0.09) x 107!
13-17 15 386 (1.79£ 0.07+£0.2) x 107!
14 -38 23 1180 (4.8£0.14+1.3) x107*
38-101 60 314 (4.702+17) x 1075
101 - 264 159 57 (3.2£0.3+1.4) x 106
1200 - 1800 1 (4.5+3% +£21) x 1079
0(Z=98) 0.8-1.0 0.9 7900 (3.26E 0.04+ 0.09)x 10°
1.0-13 1.1 6440 (2.17 0.03+ 0.05)x 10°
1.3-1.7 15 6210 (1.28k 0.02+ 0.05)x 10°
9.5-87 26 43700 (2.2£ 0.014+ 0.06)x 1073
87 -432 181 2140 (1.9 0.04+3%) x 1075
1500 - 2300 12 (1.9£0.6+£%%) x 1078
C((z=6) 0.8-1.0 0.9 6510 (3.19: 0.04+ 0.1) x 10°
1.0-1.3 1.1 5460 (2.19£ 0.03+ 0.1) x 10°
1.3-1.7 15 4760 (1.19+ 0.02+ 0.1) x 10°
9.5-87 26 28300 (2.3: 0.014+ 0.06)x 1073
87 -432 181 1430 (LA 0.04+33) x 1075
1500 - 2300 10 (2.2£5:249-9) x 1078

signal at 0.722, the carbon events contaminating the boron sample aréctestto an energy
of about 3 GeV/amu.

Figurel6.7 shows a scatter plot of the boron data in the adioel of the dE/dX-array signal
versus the TRD signal. The black markers represent the baitar @hich center around the
coordinates of the energy of minimum ionizing particles ifelmarker), while high-energy
events reach upwards along the diagonal (medium black mgr&s both signals are still the
same within fluctuations. Finally, some events at very higgrgies above 780 GeV/amu stand
out above the diagonal (thick black markers) as transitaliation enhances the signal in the
TRD.

Also shown in Figuré 617 is a simulated representation of@sBon events of an energy
of about 3 GeV/amu (circles). They are distributed arouredsignal coordinates of minimum
ionizing energy, shifted by a factor &f2/Z% = 36/25 in accordance with them being falsely
assumed to be boron nuclei, and with fluctuations as detexrfor carbon from data (9%, 8
layers).

Many such representations are used to determine the avayag@mination in each energy
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boron data (40,000 events). Small, medium and thick black markers raplesen data, circles in-
dicate carbon contamination (250 events, MC simulated). Minimum ionizing gieigdicated as a
white marker. See text for details.

bin, where the simulation generat&®) + 12 carbon events according to a normal distribution.
It is found that many events fall between dE/dX and TRD binghsb the contamination for
the dE/dX bins is small, and that on average one event in thediR3 a true boron event. As
indicated in Fig[6.l7 the highest energy event in the borompda is at about 6000 GeV/amu.
This event is aboutdoutside the simulated carbon distribution and has a préityadsi 10> of
being a carbon nucleus (i. e. one could expect 0.003 carbdgirai this position). Therefore,
the event represents the highest-energy cosmic-ray bardeus ever recorded.

The exact amount of contamination in each bin is subtraateh the sampled events.
They are given in Table 6.4.

6.3.2 Atmospheric Production

All cosmic-ray nuclei traversing matter may undergo spalia Only the surviving fraction at
the bottom of the instrument is used for the measurement.rdlave amount of interacting
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nuclei for each element is calculated as outlined in Se@i@n This is applied as a factor
reducing the effective exposure of the experiment.

But a cosmic-ray species does not only suffer losses, it & @isduced as the result of
spallation of heavier nuclei. This effect is negligible t@rbon, oxygen, and iron because of
the low abundances of their neighbors and the small partaiscsections for spallation prod-
ucts heavier than protons. For boron however, gains dueditaipn of carbon and oxygen
are significant, because their abundances are high, whitaisas low.

The amount of boron produced in the atmosphere can be estnusing partial cross
sections, or inferred from the measured rates themselvesindgthe flight the instrument
samples data at different altitudes and thus differentroaldensities of atmosphere above it.
This is evident in the flight profile given in Figure 2.2. Thelg@ent pressure in units of hPa
is converted to vertical column densijtyin units of g/cni according to

10 10
p=pP — =D

- 6.8
g 9.81m/s’ (6.8)

with the gravitational acceleration= 9.81 m/<’. For the analysis, the average column density
that the cosmic-ray particles encounter has to be used., Theisneasured vertical column
density is scaled by 15% as the average incident angle’is 30

Without atmospheric production, the data r&tee. g. for oxygen, varies with atmospheric
depthp as )

Ro =R, -e Mo ~R, . (1- A—), (6.9)
O

with the rate at the top of the atmosphétg and the spallation pathlengtty,. The spallation
pathlength is connected to the total cross seciigfor a target with atomic mass as

Ao = —. (6.10)
oo

In Figure[6.8 the measured rate of oxygen is shown as a funofiocolumn density, which
was derived from ambient pressure measurements during. fligie solid line represents the
best fit to the data according to Ef. (6.9) with a resuli\ef = 23.4 & 7.3 g/cn?, with the
uncertainty range depicted as dashed lines. The dottedhltiizates a calculated prediction of
Ao = 24.6 glcn? based on the Bradt-Peters formula, Eg.](5.7), to derive totals sections.
Although the uncertainty of the measurement is rather laggause of the narrow range of
column density encountered, the result is in excellenteagent with the calculated prediction.

The same procedure for iron and carbon also results in meddatal spallation path-
lengths commensurate with the Bradt-Peters calculatiore r€Bult for iron is a measured
Ap. = 11.54+4 g/lc?, compared to a calculated valueldf2 g/cn?. For carbon the measured
value isA¢ = 38.6 & 8.4 g/cn?, which is slightly larger than the calculated pathlength of
27.4 glcn?. However, if the production of carbon due to spallating axyds not ignored, the
effective pathlength for carbon loss in the atmospheregutie proper partial cross sections,
is 32.1 g/cn?. This value provides a better agreement with the fit. Thisiceration of car-
bon production in the atmosphere shifts the overall carlboimdance by about 2%, which was
taken into account for the carbon spectrum and, thus, aldhédooron-to-carbon ratio.



Chapter 6. Energy Measurement — The Energy Spectra of Cosmg Ray

measured oxygen rate [1/s]

0.8

® Flight Data
— Best Fit
— — Uncertainty Range
------- Calculated

M\\\\‘\\\\‘\\\\‘\\\\

\\\/

measured boron rate [1/s]

02— 1T T T T

0.2

0.19

0.18

® Flight Data
— Best Fit
— — Uncertainty Range
------ Calculated

o7 b L b e L 017 v b v b b L L1
4 5 6

depth of residual atmosphere [g/cm

o
=
N
w

N
By

depth of residual atmosphere [g/cm

Figure 6.8: Oxygen rate as a function of atmo-
spheric depth. The best fit to the data (solid
line) is shown, as well as its uncertainty range
(dashed), and the prediction based on partial and oxygen in the atmosphere. The range of the
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prediction based on partial cross sections (dot-
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Figure 6.9: Boron rate as a function of atmo-
spheric depth. The best fit to the data (solid line)
determines the production of boron from carbon

and calculation.

The results of the analysis of the elemental event rate asdidun of atmospheric over-
burden lead to the conclusion that the formalism used tautatie the total cross sections is
sound and reproduces the needed pathlengths accurately.

In a next step the rate of boron is analyzed as a function aheoldensity. Because boron
production from heavier nuclei is not negligible, the r&tg at the top of the instrument is:

R:R’-( p)+R YR
B Ap “Acr OA(HB

o)
B P\As ks Aog))”

whereR; is the rate at the top of the atmosphere for elenighg; is the spallation pathlength
for boron, andA._,z andAp_, 5 are the production pathlengths for boron from carbon and
oxygen. It is assumed here that only carbon and oxygen boitérsignificantly to the boron
production, since the abundance of nitrogen is very low atdp of the atmosphere. Also it
Is assumed that the energy per nucleon (or Lorentz factpreserved in nuclear interactions.

To simplify the equation, the abundance ratig/ k5 of carbon to boron at the top of the
atmosphere is used, as well as the ratio of oxygen to carbdkc in the effective production
pathlengthA _, :

(6.11)

11 ko 1
Ay Acsp ke Mosp
The ratio of oxygen to carbon is assumed to be independemerfyg and close to unity as
can be inferred from Table 6.3 or in [5,/83].
Figure[6.9 shows the measured boron rate as a function afnecotiensityp. The best fit
(Eqg. (6.11)) is indicated as a solid line with the error radgpicted as two dashed lines. The

(6.12)
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data are restricted in energy to 3—-9 GeV/amu for which thie fat/kp is 4.35 according to
HEAO datal[27]. The fit also assumes the spallation pathletagbe 28.7 g/cth as calculated
from Eq. [5.T). The free parameters of the fit are thus the atization R/; and the effective
production pathlengti _, 3, which is estimated to:

A5 = 225+ 102 g/ent. (6.13)

The dotted line in Fid. 6]9 represents a predicted curve @bdisis of partial cross sections
measured by Webber et al. [90]. The effective boron prodagtiathlength\ . 5 is calculated

to be:
mMAair

A= = 227.3 + 44g/cn?, (6.14)

Jfeocss + fooos
with the average atomic mass of airn; (79% N, and 21% @Q: 29 amu), the partial cross
sections given by Webber et al. [90] at 1.5 GeV/amu for a qathmyet. The given partial cross
section have been determined for a carbon target. They learedtaled to the target material
of air by the factorsfc and fo. The scaling factors can be evaluated using the propotiipna
of the partial cross sections to the total cross sectionk [B®ese are in turn proportional to
(AIT/?’ + A}/3 — b)? according to Eq[(517) with = 0.83. Therefore the scaling factors are

(AN + AL —b)?

c/o
fero = . (6.15)
(Ad® + Adjy, — b)?

The uncertainty of the calculated pathlength is due to a 18% @assumed foko / k¢,
which is set to unity, and a 25% uncertainty in the partiaksreections. Although the re-
ported uncertainty of their measurement is very small (32@rger error is assumed due to
differences of the values to other measurements (e. g.,[85R possible change from the
measurement energy of 1.5 GeV/amu to the energy range omiésurement, and to the
necessary scaling factor.

The atmospheric production of boron has to be subtracted fhe measured flux. The
average column density above the TRACER detector encouritgractosmic-ray particle at
the average angle of incidence of38 ) = 5.2 g/cn¥. The corrected flux is

~

N = Nj = No - 55— exp(p/As), (6.16)
—

with the measured fluxes corrected for spallation logggsind V(.. The effective production
pathlength of borom\ _, 3, and the spallation pathlength of boron in the atmosphgyreThe
correction factor takes into account spallation processéise atmosphere and the detector
as the fluxes are determined at the bottom of the instrumenticeBses that require two or
more interactions in the atmosphere or in the detector gkecied. The correction for the
boron-to-carbon rati¢B/C') is then

B Ny b
— == — exp(p/AB). 6.17
(C) top Né' A—)B (p/ B) ( )
Assuming all cross sections to be independent of energyeirtiergy range of the measure-
ment and the oxygen to carbon ratig/k¢ to be constant with energy, the correction to the
boron-to-carbon ratio is a constant.
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In this work the calculated, effective boron productiorhpegthA_, z = 227444 g/cnt is
used. It still has the advantage of the smaller uncertaimtypared to the measured production
pathlength. The correction factor used in this work is

~

P
A—>B

exp(p/Ag) = 0.027 £5:507 . (6.18)

It is important to note, that both the pathlengths measuezd and that determined from
measured cross sections do agree well within their uncei¢ai The method of estimating
the production of boron in the atmosphere outlined in thetise can be a powerful tool for
future cosmic-ray measurements. It has already proven t@bleto reproduce the values
for the production pathlengths from a calculation usingtiphcross sections. With better
experimental statistics it would be possible to arrive atme numerical values for production
pathlengths at high energies. These can be more precise enéngies needed for cosmic-ray
measurements than the extrapolation of currently avalabtelerator measurements.

6.3.3 The Spectrum of Boron

The spectrum of boron is presented in Tdblg 6.4 and in Figr@ &s a function of kinetic
energy per nucleon. It is compared to the carbon spectrumiaiioe results of previous
experiments. The table states the energy bins, the kine¢igg at which the derived flux is
valid, the number of boron events in a bin, the number of gadmmtaminants in a bin, and
the derived flux with its statistical and systematic undetias.

The measured spectrum contains in its highest energy bieware of about 6000 GeV/amu
in energy. Due to the nature of the construction of the spattthis leads to a flux of
3.5x 107 1/(m? s sr GeV/amu) at an energy of about 2000 GeV/amu. This highesgy
boron event has a chance of about 20% to be atmosphericdnstteasmic in origin. Thus, it
might be prudent to think of this data point as an upper limit.

All sources of systematic uncertainties detailed for theviex elements are also considered
for boron (see Se¢._6.2). An additional uncertainty wasothiced due to the subtraction
of atmospheric production of boron from carbon and oxygenntoy to other systematic
uncertainties, this one does not cancel for the boron-tbeceratio.

The subtraction of carbon contamination was done prior &uating the statistical uncer-
tainty. Thus, the statistical uncertainty stated for thghbst energy bin is the uncertainty of
counting one event (see [32]). This is a different uncetyais compared to counting “- 4”
events. This is motivated by the fact that the one boron cmunbt a result of a statistical
method but could be identified clearly as the only boron eiretite bin.

The overall agreement with previous experiments is goodly GiEAO and CRN pre-
viously reported absolute boron spectra, which are excesdenergy by this measurement.
Other experiments determined only the ratio of boron to@arld he boron spectrum is clearly
steeper than the carbon spectrum. A detailed comparisdmedidron and carbon spectra is
conducted in the next chapter with regard to the boron-tbararatio.
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Figure 6.10: Spectrum of boron as derived in this thesis. In a logarithmic representapper panel)

and additionally multiplied by=25% (lower panel). It is compared to carbon and previous experiments

(HEAO [27], CRN [83], ATIC [65], and CREAM|[5]). Note that only HED and CRN reported
absolute boron spectra. The error bars are statistical only.
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Table 6.4: Flux and energy values of the spectrum of boron. The mean kinetic ¥deig derived

according to EqL(614). Where applicable the number of estimated carbatsén the boron sample is
given.

Element Energy Range Kinetic Energy Number of Number of Fluxt£osier = 0gys
(GeV/amu) E (GeV/amu) B events C events (fns sr GeV/amu)!
B(Z=5) 0.8-1.0 0.9 2170 — (1.1 0.03+ 0.1)x 10°
1.0-1.3 1.1 1600 — (7.3: 0.2+ 0.1) x 107!
1.3-1.7 15 1280 — (3.8:0.1+£0.1) x 107!
9.5-86.5 23.8 7200 27 (4.2 0.07+ 1.0)x 1074
86.5-432 173 413 48 (1.8:0.1+£0.4) x 1076

1500 - 2070 5 4 (B5:534+1.7) x 107°




CHAPTER Y

THE BORON-TO-CARBON RATIO AND ITS
IMPLICATIONS

The boron-to-carbon abundance ratio of Galactic cosmiatiad is presented and discussed
in this chapter.

7.1 The Boron-to-Carbon Ratio

The boron-to-carbon abundance r&ti®/C) is calculated from the differential intensities pre-
sented in the previous chapter. Although the same energgyals have been used to derive
the energy spectra, the mean energy in each bin differstisligbcause of the different spec-
tral indices. The boron spectrum is steeper than the carpectrsim, resulting in an about
10% lower mean energ¥ (see Eq.[(614)). For the ratio, the carbon flux is scaled tdtren
energiest/; using the spectral index of the carbon spectrum:

Ne(Ep) = Ne(Eo) - <EAB> ~ (7.1)
Ec

Above 20 GeV/amu, the index is 2.65, in agreement with the TRACER measurements.

Below that energyx is chosen to be commensurate with low-energy measurements f

HEAO [27].

Table[7.1 presents the resulting boron-to-carbon aburdaato as a function of kinetic
energy per nucleon. The table states both statistical astdrsyatic uncertainties.

This is shown in Figuré 7l1. Statistical and systematicaleutainties are shown as thin
and thick error bars respectively. The TRACER measuremerdrs@n energy range from
1 GeV/amu to several TeV/amu and gives a detailed pictureedbbron-to-carbon ratio above
30 GeV/amu. The ratio exceeds the 1 TeV/amu energy range.

Most of the systematic effects are correlated for boron artdan, and thus cancel. The
main source of systematic uncertainty remaining for thi@soeement is in the calculation
of the amount of boron produced in the atmosphere above #tieiment. It is of particular
importance when the abundance of boron becomes very smadihagared to the abundance

73
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Figure 7.1: The boron-to-carbon abundance ratio as a function of kinetic enengpyzleon. Error
bars are statistical (thin) and systematic (thick). A simple model with asymptotogronality of the
escape pathlength 8¢ (dotted) and the subtracted contribution of atmospheric production ofboro
(dashed) are indicated. Previous measurements are shown from HEAQCRN [83], ATIC [66],
CREAM [4] and AMS-01 [1].

of carbon. The uncertainty is = T0007. Also, the uncertainty of the energy measurement
does not entirely cancel due to the different spectral eslicf the boron and carbon energy
spectra. The systematic uncertainty in the highest eneatgymbint is largely attributed to this
uncertainty.

The statistical uncertainties are propagated using Poissors,ocy = /N, so that the
uncertainty on the ratio can be written a

1 1 1/2
UR:R'(—2+—2) ) (7.2)

O Oc¢
with o5 and o determined according to the number of boron and carbon gwaninted,
respectively. This calculation is valid when the numbenafrgs counted is large compared to
1, and when the ratio is not close to zero.
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Table 7.1: Summary of parameters used to derive the boron-to-carbon abundaiod@®/C). The ratio
is calculated af'3, see Eq.614.

Energy Range EnergyEp Flux of B at E Flux of C at E¢ B/C ratio +0tat & 0sys
(GeV/amu)  (GeV/amu) (n? ssrGeV/amuy! (m?ssrGeV/amu)!

0.8-1.0 0.9 1.1 10° 3.2x 10° (3.6+0.1+J{2)x107*
1.0-1.3 1.1 7.3% 107! 2.2x 10° (3.3+0.1+£312)x 107!
1.3-17 15 3.8 107! 1.2x 10° (3.2+0.14£)12)x 107!
9.5-86.5 23.8 491074 2.3x1073 (1.840.04+5:38) x 1071
86.5-432 173 1.& 1076 1.7x 1075 (8.2+0.941%)x 1072
1500 - 2070 3.5107° 2.2x1078 (L2443, £85)x 1071

For the data point at 2 TeV/amu (based on 10 carbon events bah event) a different
approach, based on Bayes’ Theorem, was used to determinad:eﬂaintyﬁ

The subtraction of carbon contamination and atmosphemtriboition to the boron-to-
carbon ratio are based on statistical arguments, whickklastean with just one event. Thus,
some caution in the evaluation of the result is advisable.

As is evident from Figuré 617 in Sectign 6.8.1, this one ewantld be unambiguously
determined to be a boron nucleus. Still, this boron evenal23% chance of being of atmo-
spheric origin. If it is indeed of atmospheric origin, theag@oint should be regarded as an
upper limit.

The dashed line in the figure indicates the estimated levéh@fooron-to-carbon ratio
due to atmospheric production of boron, which has been actiei. The value of the ratio
at this dashed line indicates a systematic limit that ballborne experiments can achieve, as
the atmospheric contribution becomes larger than the assagicontribution. The energy at
which this limit is encountered, however, depends on thpabéthe ratio. A possible solution
to this limitation is to conduct a measurement in space wathasidual atmosphere.

In Fig.[7.1, previous measurements from HEAO [27], CRN [83]|&[6€], CREAM [4]
and AMS-01 [1] are shown in comparison to this work’s resdlhe data agree well where
uncertainties are small enough to facilitate such a corapari At high energies, the data
agree within the large statistical uncertainties. At lovemgies, slight differences between
measurements may be expected due to solar modulation, whiagidity dependent, and
therefore its effect does not entirely cancel in the ratibarfon to carbon.

This measurement features better statistical accuranypifeious balloon-borne measure-
ments from ATIC and CREAM. It greatly exceeds the statisticauaacy of the space-borne

1The calculation of the uncertainty follows the prescriptigiven by M. Paternd [67], evaluating the proba-
bility distribution of the ratior = k/n. The counted variablels andn are taken from a binomial distribution.
The necessary assumption on the ratio prior to the Bayegsglgsas is that the ratio is less than 1 and not smaller
than 0. Then the probability distribution of the rati@s a function ok andn can be found. The most probable
ratio is alwaysr = k/n. The Ir uncertainty range is defined as the smallest interval areunbich contains
68% of all possible ratios. The method requires complicat@derical integrations, which are implemented in

the ROOT data analysis framework [19]. The resulting sfatisuncertainty isr =120,
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experiments CRN, HEAO, and AMS-01 at high energies.

The dotted line in Fig._711 represents a parametrizatiomefescape pathlength for the
propagation of cosmic rays in the Galaxy based on the dataA©E/CRIS [95] and HEAQ [27]
below 10 GeV/amu. The escape pathlengti®) is thereby assumed to be a function of rigid-
ity R [95]:

26.783
(BR)%58 4 (0.714 - BR)
with the particle velocitys and rigidity R. For highly relativistic particles the rigidity is
proportional to the particle’s energy and it is defined as:

A(R) =

— glent, (7.3)

Rzg—z (:Z%fom>>1), (7.4)
with the particle’s momentum, chargeZe, and the speed of light The proportionality to
the kinetic energy per nucleon is valid fors> 1. Thus, at high energy EQ. 7.3 is proportional
to £~°%8, and no asymptotic saturation is assumed.

Above 10 GeV/amu, this work’s result and previous measungsnée consistently above
the values predicted by this model. Even though the unceieai are large, it is useful to
consider alternative models to interpret the data. Theylimaissed in the following section.

7.2 Discussion of the Result

As outlined in Sectiof 113, the boron-to-carbon ratio is asuee for the escape pathlength,
Aeso Of cosmic rays from the Galaxy. The propagation model, iesd in the same section,
predicts a power-law dependence of the escape pathlengthesgy. Previous measurements,
at energies below 10 GeV/amu, have suggested a propagadiexyiof about 0.6 (see EQ. 7.3).
The propagation model and predictions based on previousurgaents are discussed in the
following section in the light of the new measurement of thk.

In practice, simplifications of the propagation model havbd¢ assumed for the interpreta-
tion of experimental data, leading to a “Leaky-Box” modelegtensive numerical simulations
have to be employed. The next sections cover both approaches

7.2.1 A Leaky-Box Model with Residual Pathlength

In the Leaky-Box approximation of Galactic propagation odrmic rays the differential inten-
sity N; of a elemental species is given as Eq.|(1.9):

L [Qi Ly e | (7.5)

N, = —k
Aesc+ A | Bpe = Mg

whereAgsis the escape pathlength, is the spallation pathlength of elemeénd); is its source
term, 5pc is the matter traversed, aig_,; is the production length of speciefrom a heavier
species:.
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For boron, the source term is not applicable and therefonéskias. The production of
boron through spallation is primarily due to carbon and e@xydrhis leads to:

1 Ne No ]

Ny = . [ |
Agse+ A

Dividing by the carbon intensityV.-, an expression for the boron-to-carbon abundance ratio

(B/C), in terms of the Leaky-Box approximation, is arrived at:

B\ Np AT}
(6) T Ne A +AT (7.7

(7.6)

AC—)B AO—>B

Here, the production pathlength for boromis'; = A;', ;+A5', 5, assuming the abundances
of carbon and oxygen are equal and energy independent aseca@eh from Tablg 6.3 or
in [5,'83]. For interstellar matter (90% H, 10% He), the nuicervalue isA_, 3 = 26.8 g/cn?.
The spallation pathlength for borah, in the interstellar medium is 9.3 g/@mThese values
have been evaluated with the cross sections reported byatebhl. [90, 91].

The escape pathlength is assumed to follow the paramédrizgitzen in Eq.[(7.8) with an
asymptotic behavior as a function of energy like:

Aesd B) = C+ B + A, (7.8)
with the power-law index of the escape pathlengémd the residual pathlength, (see also
Sectior 1.B). The parametrization &fs. used to fit the experimental data is thus:

26.70
(BR)® + (0.714 - BR)~1

A(R) = -+ Ao glent, (7.9)

Cosmic-ray Propagation and the TRACER Measurement

Previous measurements at energies below 10 GeV/amu swggatilength index of about
0.6 with no residual pathlength (Ed._(I7.3)). The resultimgametrization of the boron-to-
carbon ratio is shown as the dotted line in Figure 7.2.

A fit to the TRACER data was conducted faf assuming) = 0.6. The result is a value
of Ay = 0.77 £ 0.32 g/cn? for the residual pathlength. This result is illustratedresdashed
line in Fig.[7.2, indicating the good agreement of the mod#h the data.

However, no a-priori assumption regarding the power-lagdeiof the escape pathlength
d = 0.6 has to be made. TreatidgandA, as free parameters in the fitxa map is produced
as shown in Figure_7.3. It can be seen thad well constrained and close to the originally
assumed value of 0.6, but thag is not well constrained. The randg is very wide, as it is
only sensitive to high-energy data. The resulting most abtd values aré = 0.53 + 0.06
andAy = 0.31 £33 glen?. They are indicated as solid line in Fig.17.2.

The central value fo\ is consistent with that reported previously by the TRACER grou
on the basis of an independent analysis of the measuredyesgegtra of the primary ele-
ments (Chapterl 3, [13]).

A propagation index of 1/3, corresponding to a Kolmogorogcipum of magnetic irreg-
ularities in the Galaxy (see Sectibnl1.3), is strongly disfad within the framework of the
Leaky-Box approximation.
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Figure 7.2: The boron-to-carbon measurement Figure 7.3: x? map in the parameter space of
as a function of energy made by the TRACER § vs. Ag. The best fit values are marked at
experiment. The dashed and dotted lines repre- (8, Ag) = (0.53,0.31 g/cn¥) and the & contour
sent possible outcomes of the Leaky-Box model is indicated.

with ¢ setto 0.6 and a residual pathlength of 0.77

and 0.0 g/crh, respectively. The solid line rep-

resents the overall best fit with = 0.53 and

Ay = 0.31 glen?.

The large uncertainty of the best fit value &f is due to the large statistical uncertainty
of the measurement at high energies. However, the mostipieialue found for the residual
pathlength is non-zero, which implies that the escape @agith may not become arbitrarily
small at high energies. An arbitrarily small escape patlemvould imply that a cosmic-ray
particle travels a very short distance to the Earth. Thisld/@mad to anisotropies in the cosmic-
ray flux that have not been observed| [68]. It should be notatttie IceCube collaboration
recently reported anisotropies in the cosmic-ray flux ofual#® TeV at the angular scale of
10° to 30 [84]. While this could be an indication of a nearby cosmic-sayirce or a very
small escape pathlength, a conclusive interpretationtipossible.

The fit result for the boron-to-carbon ratio can be used terdahe an absolute parametriza-
tion of the escape pathlength. The absolute escape pathleghown in Figuré 714 as
parametrized in Eq_7.9 with = 0.53 & 0.06 andA, = 0.31 +33° g/cn? found with the
TRACER data. The uncertainty range is indicated with dashessli The average column
density a primary cosmic ray traverses is determined to batab4 g/cm at 20 GeV/amu and
about 1.7 g/crhat 200 GeV/amu.
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Figure 7.4: The escape pathlengths. as derived from the TRACER measurement with- 0.53 +
0.06 andA, = 0.314037 g/lcn?. The escape pathlength is defined in[Egl 7.9. The dashed lines illustrate
the Io uncertainty range for the escape pathlength.

Combining all Available Data

The same Leaky-Box propagation model is also fit to all previmeasurements including the
results presented here. The data and fitted curves are shdvigure 7.5. However, because
not all authors define the uncertainties of their data coesily, there might be a bias in this
fit.

Using the same power-law index that fits the low-energy data, 0.6, a value for the
residual pathlengt\, is found to beA, = 0.38+)37 g/cn? (dashed line in Fig.715). The
large uncertainty reflects not only the large statisticateutainties of all measurements at
high energies, but also the considerable spread of the datgsp Still, a non-zero residual
pathlength is again favored. This result is consistenfjiwithe uncertainties, with the results
presented above from the TRACER instrument.

Allowing ¢ to vary as a free parameter, the combined fit to all data yield9).64 4 0.02
andA, = 0.7 + 0.2g/cn?, and is represented as the solid line in Figuré 7.5. yheontour
map for this fit to all data is shown in Fig.T.6. The best fit emare marked and @ Tontour
is shown.
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cording to Eq[7.0 see Fig. 1.5 for references).
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length is 0.38 and 0.0 g/cinrespectively. The
solid line represents the overall best fit with=
0.64 andAg = 0.69 g/cn?.

(0.64,0.69 g/c?) and the & contour is indi-
cated.

Again, the power-law index for the propagation of cosmicsresybetter constrained than
the residual pathlength. The combined data favor slightigdr values fos than the TRACER
data alone, but are not inconsistent. A large range of plesg@ues forA, between 0.5 and
1.0 g/cnt is evident and is commensurate with the range found\fowith only TRACER
data.

7.2.2 The Effect of a Leaky-Box Model on Cosmic-Ray Spectra

It is commonly assumed that energy spectra produced at thieesoof cosmic rays are power
laws. This is consistent with first-order Fermi accelematibowever deviations from pure
power-law behavior may be expected in more realistic stesdi7].

The CREAM experiment has recently published in [6] what thdlyacaliscrepant” hard-
ening in their observed primary cosmic-ray spectra for elets from carbon to iron above
200 GeV/amu. The authors discuss constraints to acceleratodels that the spectral hard-
ening poses. However, before one can make a statement dfemis$ @t the source one also
needs to consider deformations of the cosmic-ray specatarthy occur during propagation
through the Galaxy.

In the Leaky-Box model, the relation between energy spettieeasource and at the Earth
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Figure 7.7: Energy spectrum of oxygen as measured by TRACER in its two flights. Ae@pectrum
is fit to the data according to Ed.(7]10). The resulting source spectrumnglighi o = 2.37 is shown
as a solid line. The corresponding, modified spectrum that is obsertteel Barth is shown as a dashed
line. The respective spectral indices are stated. The normalization aduheesspectrum is arbitrary.

can be expressed as:

dN; 1
: Fe — 7.10
(dEW)EarthO< A_1+Ai_1, ( )

with the spallation pathlength in interstellar matter foe tinvestigated element; and the
escape pathlength,,.. This equation follows from Eq[_(74.5) if one neglects thedarction

of element; by spallation of heavier elements in the interstellar makelit is evident from
EquationZ.1D that the smaller pathlength has the domirféetdteon the observed spectrum.
At high energies the dominant (i. e. smaller) pathlengtihésdscape pathlength compared to
the spallation pathlength, even for iron.

Also, Equatior 7.7I0 assumes that the source spectrum isigtgtpower law with index.
The source spectral indexis a key parameter to characterize cosmic-ray sources.|&mep
celeration models at strong shocks preditd be close to 2.0 [15]; whereas more complicated
approaches can result in indices of about 2.3 or|2.4 [46]hérfollowing, the source index
is estimated in the light of the TRACER measurements and thdtsesn the propagation of
cosmic rays in the Galaxy.
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Figure[7.7 illustrates these effects of propagation on thgen energy spectrum. The
energy spectrum of oxygen is fit to the data of both TRACER measents according to
Eq.[7.10. The escape pathlength found with the (B/C) ratio filRACER measurements
only with (6, Ag) = (0.53 +0.06,0.31 £9-32 g/cn?) is used together with the spallation path-
length corresponding to cross sections given by Webber. ¢93]. Free parameters are a
normalization factor and the source spectral index

For oxygen, the data are fit best between 30 and about 15,00@f@a in kinetic energy
with a source index oft = 2.37 4+ 0.12. The observed spectrum then has an average spectral
index of about 2.65, as also reported previously by TRACER. [$#]ce the escape pathlength
is not a power law, the spectrum at Earth is therefore notiet gtower law. The observed
spectral index changes from 2.71 at low energies, to 2.56eabeveral hundred GeV/amu.
This could be interpreted as a spectral hardening. Howeven if a hardening is present in
the cosmic-ray energy spectra, it could not yet be signifigaletectable within the accuracy
of the present data. It should be noted, that a hardening alpeopagation effects affects
energy spectra of different elements to a different degubereas a source effect might affect
all elemental spectra in the same way.

It is also evident that the resulting spectral index of theeseed spectrum at the Earth is
not the sum of source index and propagation inde¥, but smaller. This is caused by the
additive parameters, the residual pathlenfggland the spallation pathlength,,.

7.2.3 Comparison of the Data with GALPROP

As a further check on our conclusions we have also testedesuits with predictions of
the GALPROP model. The GALPROP computer simulation (GAicaeROPagation/ [78])
numerically models the propagation of Galactic cosmic raysis simulation has had much
success in providing a consistent model of many aspects laicGacosmic radiation, e. g.
the proton to anti-proton ratio, secondary-to-primary redance ratios, electron spectrum,
positron fraction, and-ray background. A review of GALPROP is availablelin/[80].

GALPRORP is available as a webrun interface [86] to determiaay parameters of Galac-
tic cosmic rays, including the boron-to-carbon ratio. Tlserucan choose input parameters
or use the default parameters that have been optimized talbssribe all available data on
Galactic cosmic rays.

GALPROP calculates cosmic-ray fluxes in a two-dimensionadieh of the Galaxy. Here,
a scale height of. = 4 kpc is chosen, motivated by observations of radioactivden{¢q].
The diffusion coefficient characteristic for cosmic-rappagation is assumed to be a function
of magnetic rigidity R:

D = BDyR’, (7.11)

with the particle velocity5 = v/c, a proportionality factoD,, and the propagation indeix

This index is essentially the same index as found in the pusvsection in the Leaky-Box
approximation for a one dimensional flat halo model [70], isitmeaning for cosmic-ray
transport can change when transferring it to multi-dimemnai numerical models. GALPROP
does not invoke any asymptotic value for the diffusion coedfit, so there is no equivalent to
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Figure 7.8: lllustration of GALPROP models. Best model describing all available cosayickata with
0 = 0.34 (solid). Models with different values d@fare represented with dashed lines.

the residual pathlength, that was estimated earlier.

Other key input parameters are measured interaction cexg®is and values thereof
given by Webber et al. [91] when no experimental data ardabal The source abundances
are tuned to fit ACE/CRIS observations|[24]. A spectral index.8fiat the source is assumed
for all elements, as suggested by the GALPROP group as tlierge value to describe all
available cosmic-ray observations.

GALPROP can include convection and reacceleration of cosays in its calculations.
Convection in the Galactic wind, however, is not established probable effect cosmic rays
are exposed to and is neglected here. Reacceleration isributisti acceleration at moving
magnetic fields, described by second-order Fermi accelardt is taken into account here as
suggested by the standard GALPROP madel.

In contrast to GALPROP, the diffusion coefficient in the Leddox approximation is not
proportional to3 but only Dy R’, which can lead to differences in interpretation at low ener
gies. Also, the boundaries of the propagation volume atg ftdnsparent to cosmic rays in
the numerical model, but have a finite escape probabilithélteaky-Box model. Another
difference between numerical models and the Leaky-Box misdilat reacceleration is not
taken into account in the latter.

For the calculation of the model prediction for the bororcéwbon ratio GALPROP was

2An Alfvén speed of 36 km/s of the magnetic fields is used.
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used with the input parameters as detailed before. Threxs egsere investigated: (1) the best
fit model to all cosmic-ray data with reacceleration andugiibn index) set to 0.34; (2) with

0 = 0.3; and (3) withy = 0.4. Thus, model (1) represents the standard GALPROP model that
fits all observed data best.

Figure[7.8 shows the comparison of the boron-to-carboo fedim the GALPROP sim-
ulation and from the TRACER measurement. Also, previous mreasents are shown for
comparison. The GALPROP curves are independently catailand do not use the data in
any form for normalization. The discrepancy between moddldata at low energies may be
due to the effect of solar modulation. It is also present ieaent review of the GALPROP
group [80]. However, this discrepancy at low energies ismprnmary interest in the present
study.

The best agreement of the TRACER data and the GALPROP modeidisrg\for input
parameters of source spectral index= 2.34, propagation index¥ = 0.34, and including
reacceleration. The data are compatible with a rangé between 0.3 and 0.4, as illustrated in
Fig.[7.8. This result fod is consistent with = 1/3, corresponding to Kolmogorov turbulence
of magnetic fields.

The input spectral index of the source, = 2.34, agrees with the earlier findings of
TRACER from primary cosmic-ray spectra (see Chapter 3 ar [1B])s also in agreement
with the results of this work using the observed oxygen spetiand the propagation param-
eters inferred from the measured boron-to-carbon ratio.

7.2.4 Synopsis of the Results

Estimated Propagation Parameters Both models, the Leaky-Box model and GALPROP,
describe the measured data well. The decrease of the bomariion ratio with energy is de-
scribed in the Leaky-Box model as a spectral index modifiedgdt énergies by an asymptotic
limit. Within GALPROP, it is described as a slower decreded is steepened at low energies
by reacceleration. This is a principal difference of the elednd illustrates thatcannot be
interpreted as the same physical quantity in both models.

Within the framework of a Leaky-Box model the propagationexd and the residual
pathlengthA, (see Eq[(718)) were estimated with TRACER data aloné te 0.53 + 0.06
andA, = 0.31 £3-3> g/cn?, respectively. Using Equation (7.9), this suggests thatsmic-
ray nucleus at 200 GeV/amu traverses about 1.7 fmicolumn density before it escapes
the Galaxy. Fitting the Leaky-Box model simultaneously todalta the values become=
0.64 &+ 0.02 andA, = 0.7 + 0.2g/cn?. These slightly larger values are consistent with the
values found with TRACER data alone.

With the numerical simulation of Galactic propagation oswuc rays, GALPROP, the
propagation index was commensurate with all experimerattd tbr values between= 0.3
and0.4. GALPROP [78] does not include any asymptotic lower limitttoe escape pathlength
A.se, SO the question remains in this modelif,. can become zero.

Hardening of the Measured Primary Cosmic-Ray Spectra A non-zero value for the resid-
ual pathlengh\, can change the shape of the observed cosmic-ray spectianaiprelements.
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This would appear as a "hardening" of the observed spectréeat hundred GeV/amu. Such
a hardening, predicted by the Leaky-Box model, is not preditty the current GALPROP
model that assumes no asymptotic value for the diffusiorficaant. In order to unambigu-

ously decide if such an asymptotic value exists measureneésecondary-to-primary cosmic-
ray abundance ratios are needed at higher energies thamttyiavailable.

The Spectral Index at the Source Both propagation models, the Leaky-Box approximation
and GALPROP, do agree in one key result. They both suggestir@esspectral index

of about 2.3 to 2.4. A very similar result was previously répd by TRACER from the
measurement of primary cosmic-ray spedtra [13].

This experimentally deducted source index stands in csintoaa value of about 2.0 sug-
gested by first-order Fermi acceleration of cosmic raygangtshocks. Some modifications to
currently accepted acceleration models may be neededdonmeodate a soft source spectrum
with o ~ 2.3.

A complementary estimation of the source index is desitdbteexample from very high-
energy~-ray astronomy. The source spectrum of hadronic cosmicisaysprinted iny-ray
emission at about 10 times smaller energy (e. g. [41]).

Several supernova remnants have now been observed, bufifticslt to compare the
spectral indices found in a conclusive way. As an examplke gdtimated spectral index for
the supernova remnant RX J1713 [2]1i88 4+ 0.05 at an energy of about 500 GeV/amu [3].
The questions remain if the emission is truly of hadronigioriand if RX J1713 is a “typical”
cosmic-ray source.

A rigorous study of this comparison is an interesting proespa the future, but is beyond
the scope of this thesis.






CHAPTERS8

CONCLUDING SUMMARY

TRACER is a balloon-borne detector that measures the indiVidoergy spectra of cosmic
radiation from boronf = 5) to iron (Z = 26). In this work, the results of the TRACER
project are presented with emphasis on the measuremeng dfotton-to-carbon abundance
ratio.

TRACER is currently the largest balloon-borne cosmic-ragdietr and has had two suc-
cessful long-duration balloon flights. The results presehiere are based on the data recorded
in 2006 in the flight from Sweden to Canada. This flight lasted{6 days, and had to be ter-
minated early due to the lack of permission to fly over the Rustrritory.

The instrument performed well during the flight without deieation of the gas in the
proportional tube system. It was successfully recoveredcamently resides at the University
of Chicago. Post-flight testing indicated that the instrumeiin remarkably good condition
and could be refurbished for another flight.

The data analysis of the 2006 flight is now complete. The aahegins with determining
the trajectories of the particles through the instrumerxtNhe nuclear charge is determined
for each particle using a correlation of scintillation aberenkov detectors. The charge reso-
lution is 0.23 charge units for boron and carbon, rising &@harge units for iron.

The measurement of the TRACER instrument covers a large rangeergy from about
800 MeV/amu to several TeV/amu. This is achieved by combiriire responses of three
sub-detectors; th€erenkov detector below 3 GeV/amu, the dE/dX-array betweeari
500 GeV/amu, and the TRD above 700 GeV/amu. The energy resolot each detector
is determined as a function of charge. The energy spectrecasructed taking care of bin
correlations that are present for steeply falling spectra.

The differential intensities of cosmic-ray elements irorygen, carbon and boron at the
top of the atmosphere are presented here. Good agreemst# legtween this data set and
previous measurements. The determination of the absotutenkenergy spectrum includes,
for the first time, a measurement of this nucleus above 1 TalM/a he highest-energy boron
eventis found at 6 TeV/amu. Special care is taken to avoidstbithe boron energy spectrum,
and thus the boron-to-carbon ratio, due to carbon eventswonating the boron sample.

The rate of production of boron in the residual atmosphemalthe detector must be
subtracted appropriately from the measured fluxes. It caralmeilated using particle-particle
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cross sections. However, the systematic uncertainty otaeulation is considerably large.
Therefore, a method was developed, using the TRACER datat¢ontiee the rate of pro-
duction as a function of atmospheric overburden. The residlthis method are compatible,
within uncertainties, to the calculation, and are prongdior future balloon missions with
improved statistics.

A new measurement of the important boron-to-carbon ragpyesented. The ratio is con-
sistent with previous measurements at low energies an@septs a detailed measurement
above 30 GeV/amu. The measurement extends to 2 TeV/amul®@itarbon events and 1
boron event at the highest energy interval.

The abundance ratio of boron-to-carbon is compared to twadetsaf Galactic cosmic-ray
propagation, the Leaky-Box model and GALPROP. For the Ldady-model the propagation
indexd and the residual pathlengtty are evaluated t65, Ag) = (0.53+0.06, 0.31£5:35 g/en?)
from the TRACER measurement. As a result it can be inferredahmtmary cosmic ray of
200 GeV/amu energy traverses about 1.7 d/ofrinterstellar matter. Also, a non-zero resid-
ual pathlength causes a hardening in the observed energyaspbove several 100 GeV/amu.
This emphasizes the importance to understand cosmic-cgagation before source proper-
ties are inferred from the observed energy spectra.

The best GALPROP model to describe the measured data irschedeceleration and a
high-energy diffusion coefficient proportional #6-°-3*, with a possible range in the index
from 0.3 to 0.4. This is a significantly smaller propagatindax than what is found using the
Leaky-Box model. However, the propagation indelxas different meaning in the models. It
is modulated in the Leaky-Box model by the residual pathlengt the GALPROP model it
requires a significant amount of reacceleration at low eéasitp match the observed data.

Both models, however, agree on the source spectral index tatber soft:a = 2.3 to
2.4. The source spectral index to fit the observed data bestwiieiLeaky-Box framework is
a = 2.37 + 0.12 for oxygen. The input value of the source index in the pref@iGALPROP
model isa = 2.34. These values are in excellent agreement with the valuecaedinom
the previous TRACER measurement of spectra of primary cosayi@lements. The derived
source spectra are softer than expected from first-ordemiFssceleration at strong shocks
(o = 2.0).

In conclusion, the measurements conducted with the TRACE&:ttetcontributed sig-
nificantly to the current understanding of cosmic radiatbrigh energy. The detector has
demonstrated its capability to access the highest enesgfles direct measurement at the top
of the atmosphere. It has been shown that a transition radidétector is currently the most
promising approach to measure cosmic-ray nuclei heavaar lithium up to energies around
a hundred TeV/amu.

It has to be mentioned, that finding a handful of high-energstigles out of the over-
whelmingly numerous low-energy background is very chaliieg. The TRACER concept
has proven that it is capable to excel at the task, its linmgtare well understood and can be
reduced, and the TRACER detector can be fully refurbished fotuae flight.



DEUTSCHEZUSAMMENFASSUNG

Als Kosmische Strahlung bezeichnet man Atomkerne und Elekh, die aus dem Weltraum
in die Atmosphéare der Erde eindringen. Die Teilchen sind Zairol3teil galaktischen Ur-
sprungs und werden an Schockfronten, wie sie z. B. nach Sonssentstehen, beschleunigt.

Bevor sie auf die Erde treffen, breiten sie sich diffus furat Millionen Jahre durch
die Galaxie aus, von der sie auch entweichen oder mit ieléastr Materie in Wechselwirk-
ung treten kbénnen. So wird das beobachtete Energiespelktosmischer Strahlung an der
Erde nicht nur durch Eigenschaften der Quellen, sonderh gao der Art und Weise ihrer
Ausbreitung durch die Galaxie bestimmt.

Ein Aspekt dieser Ausbreitung ist das Verlassen der Galdxies kann durch die Mess-
ung vom Verhaltnis sekundarer zu primarer Kosmischer &ingh z. B. Bor zu Kohlenstoff,
bestimmt werden. Bor kommt nicht in den Quellen Kosmischeafting vor. Durch Kohlen-
stoff wird dagegen Bor auf dem Weg durch interstellare Matéei atomaren Kollisionen
produziert. Ist die Wegstrecke (d. h. die Massenbeleguhg)Kohlenstoff hinter sich bringt,
bevor es aus der Galaxie austritt, lang, so wird viel Bor pragtt; ist sie kurz, wird wenig Bor
produziert. So ist das Verhaltnis von Bor zu Kohlenstoff eialur die durchquerte Materie
bevor Kosmische Strahlung aus der Milchstral3e austritt.

An der Erde angekommen kann galaktische Kosmische Strgmineiner Energie von
weniger als 1& eV (Elektronenvolt] eV = 1,6 - 1071 Joule) direkt gemessen werden. Dazu
werden Teilchendetektoren, die Ladung und Energie decfieil messen, entweder in den
Weltraum gebracht oder mit Ballons an den oberen Rand der Asindos gehoben. Aus beiden
Methoden ergeben sich gravierende Einschrankungen figxgerimentelle Technik in Bezug
auf Gewicht, Grol3e, Stromverbrauch und Messzeit.

Der zur Zeit gro3te von einem Ballon getragene Detektor ist CRR mit einer geo-
metrischen Apertur von 5 frer. Der Detektor wurde an der Universitat von Chicago gebaut.
Es werden nur elektromagnetische Prozesse genutzt, umgacd Energie der Kerne zu
bestimmen, die den Detektor durchqueren.

Die Ladungszahl wird durch eine Kombination von SzintdtatundCerenkov-Detektoren
am oberen und unteren Ende des Instrumentes gemessen.sDaesh notwendig, um Er-
eignisse herauszufiltern, die im Detektor wechselwirkere Energiemessung findet in drei
unabhangigen Bereichen statt: Um 1 GeV/amu mit dem unt€enenkov Detektor, zwi-
schen 10 und 500 GeV/amu mit dem Signal des “dE/dX-arrayh@gsen durch den flachen
Anstieg des Signals im Bereich der relativistischen Zunabpezifischer lonisation in Gas)
und oberhalb von 700 GeV/amu mit dem Ubergangsstrahlutglsde (gemessen durch die
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zur spezifischen lonisation zuséatzlichen Ubergangssingi

Der TRACER Detektor wurde bei drei Ballonfliigen eingesetzt.&tinst wurde 1999 ein
Testflug durchgefiihrt. Es folgten zwei Langzeitballonftii@03 in der Antarktis und 2006
von Schweden nach Kanada. Der zweite Langzeitballonflugstausider nach 4,5 Tagen
abgebrochen werden, da keine Genehmigung fir einen Flugribsisches Territorium zu
erreichen war. Der TRACER Detektor wurde nach seinem letzteg Wieder an die Uni-
versitat von Chicago gebracht. Er ist grundsatzlich intadd kann fir einen weiteren Flug
prapariert werden.

Im zweiten Langzeitballonflug konnten die Elemente von Baertbisen ¢ = 5 bis 26)
gemessen werden. Die Daten dieses Flugs bilden die Grundkagvorliegenden Doktorar-
beit.

Der Schwerpunkt der Messung liegt auf dem Verhéltnis von BoKahlenstoff, um die
Ausbreitung Kosmischer Strahlung durch die Galaxie zursntghen. In dieser Arbeit wurde
der Zustand des Detektors nach dem Flug getestet, die Rest@astung durchgefuhrt und
schlie3lich die Messung im Rahmen von Modellen zur galakéacAusbreitung Kosmischer
Strahlung interpretiert.

Die Datenanalyse beginnt mit der Bestimmung und Anwendurgciédener Korrektur-
en, die aus den gemessenen Daten selbst bestimmt wurdeohli@3end wurden die Flug-
bahnen der aufgezeichneten Teilchen rekonstruiert. Dawac es mdglich die Ladung und
Energie der Ereignisse zu bestimmen.

Das Resultat dieser Arbeit sind die Energiespektren von Balnjéfstoff, Sauerstoff und
Eisen. Sie reichen bis 2 TeV/amu in Energie. Fir alle Elem&ann eine Ubereinstimm-
ung mit vorhergehenden Experimenten berichtet werden. Spaktrum von Bor erweitert
frihere Messungen signifikant zu hoheren Energien. DalieiRACER den bisher hdchst-
energetischen Bor Atomkern mit 6000 GeV/amu nachgewiesen.

Aus den Spektren von Kohlenstoff und Bor konnte deren Hautgkerhaltnis als Funk-
tion der Energie bestimmt werden. Dabei wurde speziellidagaachtet, dass mogliche sys-
tematische Messfehler durch Kohlenstoff-Kontaminatidaratmosphérische Produktion von
Bor vermieden wurden. Hierzu wurde eine Methode entwickeit,die atmosphérische Pro-
duktion von Bor aus den Messdaten selbst abzuschéatzen. Olivesie Methode mit den
derzeitigen Daten lediglich dazu dienen kann die erreéhRebduktionsrate zu Uberprifen,
ist sie im Hinblick auf zukinftige Experimente interessant

Das gemesene Verhéltnis von Bor zu Kohlenstoff erreicht 2/deN und Ubertrifft die
friheren Messungen von HEAO, CRN, ATIC und AMS-01 bei hohernr§ira an statistisch-
er Genauigkeit. Die Teilchenzahl-Statistik ist vergldiahmit der des CREAM Experiment-
es, das allerdings eine fast zehnmal langere Messzeit etfwiies zeigt die tUberragenden
Mdoglichkeiten des TRACER Konzepts auf, speziell auch fir nftige Projekte.

Wie bereits ausgefuhrt folgt das Verhaltnis von Bor zu Koktefi der mittleren Mas-
senbelegung, die Kosmische Strahlung auf dem Weg durchalexi@ durchquert, bevor sie
entweichen kann. Dies ist eine Funktion der Energie, eierizgiesetz mit Exponentery.
Dieser Exponent konnte im Rahmen eines einfachen Modeks'(@mky-Box” Modell) rela-
tiv genau aub = 0,53 + 0,06 bestimmt werden. Es ist schwer vorstellbar, dass die Massen
legung vor dem Entweichen aus der Galaxie beliebig kleirderekonnte, wie das gemessene
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Potenzgesetz proportional Zir’? es bedingen wiirde. Daher wird ein asymptotischer Wert
Ay eingefuhrt. Obwohl die Messung einen Wert von O fir dieserafater nicht definitiv
ausschlieRt, ist ein Wert von 0,31 g/€am wahrscheinlichsten.

Ein von Null verschiedener Wert fily, flhrt in den beobachteten Energiespektren zu einer
Veranderung des spektralen Indexes oberhalb einer Engrgieinigen 100 GeV/amu. Dieser
Effekt muss sorgfalltig studiert werden, bevor man Aussdgj®er die Energiespektren an den
Quellen der Kosmischen Strahlung treffen kann.

Ein Computerprogramm zur numerischen Simulation der Aughrg Kosmischer Strahlung
in der MilchstralRe ist GALPROP. Das gemessene VerhaltnisBar zu Kohlenstoff wird
hierbei am besten mit einem spektralen Index der Ausbrgitus- 0,34 beschrieben. Dies
unterscheidet sich signifikant vom Wert, der mit dem Leaky-Béodell gefunden wurde.
Allerdings muss man beachten, dass die Paramatérht direkt verglichen werden kénnen.
Um die gemessenen Daten zu beschreiben, svind Leaky-Box Modell durch den asympto-
tischen Wert\, moduliert, wahrend es bei GALPROP bei niedrigen Energieoldden Effekt
der Wiederbeschleunigung Kosmischer Strahlung modwlied.

Eine bedeutende Ubereinstimmung der beiden Modelle ist dhses der spektrale Index
der Quellenspektren za = 2,3 bis 2,4 bestimmt werden kann. Dies stimmt mit friiheren
Ergebnissen von TRACER Uberein, die aus Energiespektrerapginklemente der Kosmis-
chen Strahlung abgeleitet wurden.

Es ist offensichtlich, dass eine Messung des Verhaltnisse8or zu Kohlenstoff oder an-
derer sekundar zu primar Verhaltnissen bei hoheren Emeatgeisher wiinschenswert ist, um
die Ausbreitung Kosmischer Strahlung besser zu bestimanlanger Flug von TRACER
kénnte das erreichen. Die Einschrankung der Messgenauidkeh atmospharische Pro-
duktion von sekundaren Teilchen oberhalb des Detektois @ann allerdings die hauptsach-
liche Quelle an Unsicherheit sein. Diese kann nur durch gjpeEment im Weltraum ver-
mieden werden. Grundsatzlich ist ein Einsatz eines Exparies basierend auf dem TRACER
Konzept im Weltraum denkbar.
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Met kosmische stralingvorden de atoomkernen en elektronen bedoeld, die uit hédlreee
atmosfeer van de Aarde binnendringen. Deze deeltjes zon lvet grootste deel van galac-
tische oorsprong, en worden versneld in schokfrontensatial bijvoorbeeld ontstaan na een
supernova.

Voordat de deeltjes de Aarde bereiken, bewegen ze zich gedercirca 15 miljoen jaar
voort door het Melkwegstelsel. Zij kunnen de Melkweg ookatem, of interactie ondergaan
met de interstellaire materie. Op deze manier wordt het apé&aargenomen energiespec-
trum van komische straling niet alleen bepaald door de siggappen van de bronnen, maar
ook door de wijze waarop de deeltjes propageren door hetwiglktelsel.

Een aspect van deze propagatie is het ontsnappen uit de Btplkvt proces kan worden
vastgesteld door het meten van de verhouding van secundapemaire kosmische straling,
b.v. van boor ten opzichte van koolstof. Boor komt niet vood@bronnen van kosmische
straling, maar wordt geproduceerd wanneer koolstoféeetip hun reis door het Melkwegs-
telsel in botsing komen met interstellaire materie. Is dekfgde weg (d.w.z. kolomdichtheid)
van koolstofdeeltjes voordat ze de Melkweg verlaten laag, wordt veel boor geproduceerd;
bij een korte weg wordt weinig boor geproduceerd. De verimautlissen boor en koolstof is
dus een maat voor de hoeveelheid materie waar de kosmisalirgtioorheen reist voor zij
de Melkweg verlaat.

Bij de Aarde aangekomen kan de galactische kosmische gtraltheen energie tat'® eV
(electronvolt, 1eV = 1,80~ Joule) direct worden gemeten. Hiertoe worden deeltjesdete
toren, die de lading en energie van de deeltjes kunnen nafteel in een baan om de Aarde,
ofwel d.m.v. ballons aan de bovengrens van de atmosfeeadathbr Voor beide methoden
bestaan sterke beperkingen voor de gebruikte experinecieiehniek, wat betreft het gewicht,
de grootte, het stroomverbruik en de meettijd.

De grootste detector die tot nu toe met een ballon is gebsiKRACER, met een ge-
ometrische apertuur van 5°rar. De detector werd gebouwd door de Universiteit van Chicago
Om de lading en energie te bepalen van de atoomkernen digealedoorkruisen, worden
uitsluitend elektromagnetische processen gebruikt.

Het ladingsgetal van iedere atoomkern wordt door een caaibirvan scintillator- en
Cerenkov-detectoren aan de bovenzijde en onderzijde vamstetment gemeten. Dit is
nodig om de gevolgen van wisselwerkingen in de detectoreuiiiteren. De energiemeting
vindt in drie onafhankelijke gebieden plaats: rond 1 GeWamet de onderst€erenkov-

IMany thanks to Marc van der Sluys for the translation!
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detector, tussen 10 en 500 GeV/amu met het signaal van h&tXeiiray” (gemeten door de
bijna vlakke toename van het signaal in het regime van dativtic rise” van de specifieke
ionisatie in het gas), en boven 700 GeV/amu met de overgaatisgsdetector (gemeten aan
de overgangsstraling die vrijkomt naast de specifieke adig)s

De TRACER detector is bij een drietal ballonvluchten ingezss eerste werd in 1999
een testvlucht uitgevoerd. Daarop volgden twee langdin@djenviuchten: in 2003 in Antarc-
tica, en in 2006 van Zweden naar Canada. De tweede langdaiigevducht moest helaas na
4,5 dagen worden afgelast, doordat geen toestemming kaewmerkregen voor een viucht
boven Russisch grondgebied. Na zijn laatste viucht is de TRAG&Rctor weer terugge-
bracht naar de universiteit van Chicago. Hij is overwegemakin en kan worden opgeknapt
voor een volgende vlucht.

Gedurende de tweede langdurige ballonviucht konden deesitem van boor tot ijzer
(Z = 5 tot 26) worden gemeten. De data van deze vliucht vormen de basisliigooefschrift.

Het zwaartepunt van de meting ligt bij de verhouding tusseor fen koolstof, om de
voortplanting van de kosmische straling door de Melkwegridenzoeken. Voor dit proef-
schrift werd de toestand van de detector na de viucht gedestiata-analyse doorgevoerd,
en uiteindelijk werden de metingen in het kader van de medelan galactische propagatie
geinterpreteerd.

De data-analyse begint met de toepassing van een aantattoes; welke uit de gemeten
data zelf worden bepaald. Vervolgens werden de banen varadegenomen deeltjes gere-
construeerd. Daarna was het mogelijk de lading en enerdiegalen van ieder gedetecteerd
deeltje.

Het resultaat van dit proefschrift zijn de energiespedraboor, koolstof, zuurstof en ijzer,
tot een energiewaarde van 2 TeV/amu. Voor al deze elementdervwe een overeenstem-
ming met eerdere experimenten. Het spectrum van boor efiszgrdere metingen significant
in de hogere energieén. Daarnaast vond TRACER de tot nu toshgegeten energie in een
boor-atoomkern: 6000 GeV/amu.

Uit de spectra van boor en koolstof konden hun abundantgefuattie van de energie
worden bepaald. Daarbij werd speciale zorg in acht genomesystematische meetfouten
door contaminatie van koolstof of atmosferische produesie boor te vermijden. Hiertoe
werd een methode ontwikkeld om de atmosferische produetiebwor uit de meetwaarden
zelf af te schatten. Hoewel deze methode met de huidige laflats kan dienen als test voor
de berekende productiesnelheden, is ze interessant n@tdnep toekomstige experimenten.

De gemeten verhouding van boor tot koolstof loopt tot 2 Tewlaen overtreft de eerdere
metingen van HEAO, CRN, ATIC en AMS-01 bij hogere energieéndaowkeurigheid. De
statistiek van de deeltjesaantallen is vergelijkbaar netvdn het CREAM experiment, dat
echter een tienmaal langere meettijd kende. Dit toont deréehogelijkheden aan van het
concept van TRACER, in het bijzonder voor toekomstige projecte

Zoals reeds beschreven volgt de verhouding van boor totstafofle gemiddelde mas-
sakolom die de kosmische straling op haar weg door de Melldeegkruist voordat ze kan
ontsnappen. Ditis een functie van de energie, een machtsetetxponent-9. Deze exponent
kon in het kader van een simpel model (het “Leaky-Box” modeltief nauwkeurig worden
bepaald op 0,530,06. Het is vrijwel onmogelijk dat de massakolom voor hetsnappen
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uit de Melkweg willekeurig klein zou kunnen worden, zoalsgimeten machtswet -3
voorschrijft. Om die reden is een asymptotische waargléengevoerd. Hoewel de meting
een waarde van nul voor deze parameter niet definitief ititsdu\, = 0,31 g/cm het meest
waarschijnlijk.

Een waarde vool, die afwijkt van nul leidt in de waargenomen energiespedataén
verandering van de spectrale index boven een energie vaieenénderden GeV/amu. Dit
effect moet zorgvuldig worden onderzocht, voordat men etspnaak kan doen over de en-
ergiespectra van daonnenvan de kosmische straling.

GALPROP is een computerprogramma om de voortplanting vamiszhe straling in de
Melkweg numeriek te simuleren. De gemeten verhouding tulsser en koolstof wordt hierin
het best beschreven met een spectrale indexivarD,34. Dit is significant anders dan de
waarde die werd gevonden met het Leaky-Box model. Men moeeebkdenken dat deze
waarden vany niet direct vergeleken kunnen worden. Om de gemeten datasehhijven
wordt de waarde va#i in het Leaky-Box model veranderd door de asymptotische veaayd
terwijl deze waarde in GALPROP bij geringe energieén worlhbloed door het effect van
herversnelling van de kosmische straling.

Een belangrijke overeenstemming van beide modellen is elapéctrale index van de
bronspectra op. = 2,3 tot 2,4 kan worden bepaald. Dit komt overeen met eetukgalingen,
die werden afgeleid uit de energiespectra van primaire ehem in de kosmische straling.

Om de propagatie van kosmische straling beter te bepaleenisneting gewenst van de
verhouding van boor tot koolstof, of van andere verhoudingan secundaire tot primaire el-
ementen, bij hogere energieén dan tot nu toe gebeurd is.aBgdurige vlucht van TRACER
zou dit kunnen bereiken. De beperking van de meetnauwksidgloor atmosferische pro-
ductie van secundaire deeltjes boven de detector zal damoieaamste bron van onzekerheid
zijn. Dit kan slechts worden vermeden met een experimenginudnte. In principe is het
uitvoeren van zo’n experiment, gebaseerd op het concepIR&CER, een mogelijkheid.
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