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Abstract

Crystal Ball is a detector which can be used for detection of high energy protons, but
this task requires a potentially tedious and expensive process of calibration. In this study,
a test setup using a single NaI crystal from the Crystal Ball was considered to investigate
the possibility of using cosmic muons to calibrate the Crystal Ball. The study was performed
by simulating the process using the Geant4 toolkit. A program was written to simulate the
passage of cosmic muons and protons through the Crystal Ball crystal, record the deposited
energy and correlate these to each other. A setup which can be used for finding the correlation
experimentally is proposed. Using the results from the experiment, it is possible to calibrate
all crystals in Crystal Ball using cosmic muons.
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1 INTRODUCTION

1 Introduction

1.1 Background

The goal of research within the field of subatomic physics is to gain knowledge about the properties
and structure of nuclei. This is mainly accomplished through experiments where results from
collisions between particles are analyzed.

GSI in Darmstadt, Germany, is one site where this area of physics is explored. Research is
conducted using equipment consisting of particle accelerators, detectors etc. One of the detectors
at GSI, which is the focus of this project, is the Crystal Ball.

Crystal Ball is a detector array which serves as a 4-π-spectrometer. This means that the array
encompasses an entire sphere around the target, a solid angle of 4π steradians. The detector
consists of 162 sodium iodide (NaI) crystals put closely together to form a sphere with an inner
radius of 25 cm and an outer radius of 45 cm, see Figure 1.

Figure 1: A closer look at a section of the Crystal Ball’s detector array [1].

When conducting an experiment, one places a target in the centre of the Crystal Ball. This
target can be, for example, made of plastic, carbon or lead. A beam of unstable particles, which
are created in nuclear reactions at a production target, collides with the experimental target
nuclei. Due to kinematics most reaction products move in the forward direction but some of the
lighter particles scatter at larger angles. To detect these particles and photons, Crystal Ball is
used.

Being initially optimized for detection of low energy γ-rays (1 − 3 MeV), the Crystal Ball is
now also used for detection of high energy protons (several hundred MeV). To make good use of
it for detection of high-energy protons it needs a proper calibration.
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1 INTRODUCTION 1.2 Purpose and objectives

A problem arises in the question of how to calibrate all crystals of Crystal Ball. Since it is
both expensive and burdensome to calibrate all crystals one by one with a proton beam, there is
a need for a freely available source with a well-defined energy spectrum to be used for calibration.
A candidate for such a source are cosmic muons, denoted by µ. These particles are created in
the atmosphere as a result of a cascade of reactions that follow from the interaction of cosmic
radiation with the nuclei of air molecules, see section 2.3 for more information.

To make use of the muons, it is sufficient to calibrate one crystal with the proton beam and
correlate this to the energy deposit in the crystal from the muons. This can be done because the
energy spectrum of the muons and their angular distribution are well known [12]. This way they
can be used to calibrate the other crystals for detection of high energy protons.

Since the energy deposited by muons depends on the length traversed through crystal, it is
desirable to track the path through the crystal taken by the muons. In the Crystal Ball, several
crystals“fire off”when a particle passes through them, enabling path tracking. For a single crystal
there will not be any crystals nearby to fill this role. Therefore one uses plastic scintillators, which
are cheap and easy to handle, to track the path length. See section 2.1 for more information on
scintillators.

1.2 Purpose and objectives

The purpose of the project is to develop a way of calibrating a Crystal Ball crystal with cosmic
muons. This is done by designing a suitable detector setup for the calibration of a single Crystal
Ball crystal against protons. The results will in turn be used to calibrate all detectors of Crystal
Ball with muons on the basis of Monte Carlo simulations.

The actual calibration procedure was not executed within this project. The purpose of the
project was to provide simulations and guidelines for an upcoming calibration experiment in-
tended to be accomplished in at most three days.
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2 THEORY

2 Theory

This section will introduce the theory behind the measurement equipment and materials involved,
as well as the particles that will be used for the calibration.

2.1 Scintillators

A scintillator is a material that de-excites by emission of light when atoms in it have been excited
by ionizing radiation, a luminescence process called scintillation. There are several different types
of scintillators with different properties. The ones relevant in this project however are plastic
scintillators and sodium iodide crystals doped with thallium (Tl).

Sodium iodide is used as a scintillator material because of its good stopping power and
energy resolution [6]. The resolution for stopped protons in a NaI crystal is 2% or less. For
punchthrough protons the resolution is around 5% [21]. The reason for using plastic scintillators
is for convenience as plastic is cheap, easy to manufacture, shape and handle. Moreover, plastic
scintillators give a very fast response [6].

2.1.1 Inorganic scintillators

In a crystal of sodium iodide (NaI), which is an inorganic material, the scintillation occurs due
to the crystal structure of the lattice. The bandgap between the valence and conduction band is
large, making photon emission an inefficient way of de-exciting the electrons of the material. Due
to this fact one adds an activator (in our case thallium), an impurity, to the crystal to add extra
energy bands in the forbidden zone between valence and conduction band. The activator is added
in trace amounts, meaning that the overall energy structure of the crystal remains unchanged,
while the band structure at the lattice point where the activator is being placed, is changed. The
activator is chosen such that it allows photons with lower energies, lying in the visible range of
light, to be emitted with higher probability.

2.1.2 Organic scintillators

In contrast to inorganic scintillators, the scintillation of organic scintillators does not appear due
to the lattice structure of a crystal, but rather it originates from the fluorescence mechanism of
single molecules. The fluorescence arises from transitions in the energy levels of these molecules
and is independent of the state in which the molecules are in, be it a gaseous mix or a solid. The
plastic scintillators used in this project is an example of a type of organic scintillator.

2.1.3 Measurements and equipment

To make use of a scintillator one needs to connect photomultiplier tubes (PMTs) to it. These
together with some electronic equipment constitute a scintillation counter. This makes it possible
to detect the scintillation photons, which are in turn transformed into an electric signal with a
certain amplitude.

3



2 THEORY 2.2 Minimum ionizing particles

2.2 Minimum ionizing particles

Energy loss in a material can be of different types, such as ionization, radiative processes and
others. Which of these processes that dominate the total energy loss depends on the energy of
the incoming particle as well as the material used. If the energy of the incoming particle is within
a specific interval of energy the energy loss per unit path length goes to a minimum. Particles
with energy within this interval are called minimum ionizing particles [8].

At energies up to about 100GeV, the deposited energy in the crystal is described by the Bethe-
Bloch formula [10]. This is an empirical formula expressing the energy loss per unit length, due
to excitation and ionization, of a charged particle travelling through matter.

At energies well above 100 GeV radiative processes will become the main factor for determining
deposited energy, as opposed to ionization. Cosmic muons have energies well within the range
where muons can be treated as minimum ionizing particles [9]. Figure 2 shows an example of the
region of minimum ionization for antimuons in copper.

A minimum ionizing particle’s energy loss, in a material, is only dependent on the thickness
of the material passed, regardless of the initial energy of the particles. The stopping power in
the region 0.1− 50 GeV varies very weakly with the energy of the muons (1.5− 2.1 MeVcm2g−1),
see Figure 2. Therefore a broad energy distribution may result in a well-defined energy deposit
in a detector. Hence it can be used for calibration.

Figure 2: Stopping power for µ+ in Cu as a function of the muon kinetic energy [10].

2.3 Muons

A muon is an unstable subatomic particle with a charge equal to that of an electron and a mass
of 105.7 MeV/c2, which corresponds to 206.8 times the mass of an electron [7]. Most muons on
earth are created in the upper atmosphere, usually through the process described below.
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2.4 Punchthrough of particles 2 THEORY

As high-energy nuclei from cosmic rays interact with atmospheric nuclei, kaons, denoted by
K, and pions, denoted by π, are produced. A negative pion decays to a muon and a muon-
type antineutrino, with a mean lifetime of about 26 ns, and thus survives only a few meters on
average. The muon created has a mean lifetime of 2.2 µs and decays to an electron, an electron-
type antineutrino and a muon-type neutrino. The different reactions and decays are shown in
equation (1).

Acr + Aair → π±,K±,K0

π− → µ− + ν̄µ (1)

µ− → e− + ν̄e + νµ

The somewhat longer half-life of the muon is due to the fact that it decays by the weak force.
The time dilation effect of special relativity results in a mean traveled distance that is sufficiently
large so about 10 % of the muons reach sea level [14]. The muons generally travel in the same
direction as the cosmic rays from which they originate.

The intensity of incoming muons at sea level depends on the incident zenith angle as well as
the muon energy and this dependence has been measured. It is described by equation (2), where
pµ is the muon momentum in GeV/c, θ is the zenith angle and I(0) is the intensity for vertical
muons [13].

log(I(θ)) = a ln2 pµ + b ln pµ + c (2)

Equation (3) below is used to obtain the parameters a and b , where y means a or b respectively,
while equation (4) is used to calclulate c, both using data from Table 1. These empirical relations
describe the measured intensities for muons with an energy between 0.2− 100 GeV/c [13], which
corresponds to the energy region where muons can be treated as minimum ionizing particles [9].

y = p1/(1/θ + p2θ) + p3 + p4 exp(−p5θ) (3)

c = p1θ
2 + p2θ + p3 + p4 exp(−p5θ) (4)

a b c

p1 −0.8816 · 10−4 +0.4169 · 10−2 −0.3516 · 10−3

p2 −0.1117 · 10−3 −0.9891 · 10−4 +0.8861 · 10−2

p3 −0.1096 +4.0395 −2.5985
p4 −0.1966 · 10−1 −4.3118 −0.8745 · 10−5

p5 +0.2040 · 10−1 −0.9235 · 10−3 −0.1457

Table 1: Parameters for the equations (2), (3) and (4) [12].

2.4 Punchthrough of particles

As the Crystal Ball initially was not designed to detect high-energy protons, the crystals in the
detector are not long enough to stop all the protons produced in the experiments.

5



2 THEORY 2.4 Punchthrough of particles

Punchthrough describes the situation of a particle traveling through a material, ionizing it
and losing only a part of its kinetic energy. Since the particle does not lose all of its kinetic
energy, it will continue its path out of the material and thus ‘punch through’ the material, see
the upper part of Figure 3.

The opposite process is total loss of kinetic energy, resulting in the incoming particle being
stopped in the material. The particle never escapes the boundaries of the material as seen in the
lower part of Figure 3.

Figure 3: The upper figure demonstrates punchthrough while the lower figure demonstrates a
particle being stopped. The initial and final energies, Ei and Ef , are the kinetic energies of the
particles.
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3 Method

3.1 Geant4

The test setup consists of one Crystal Ball detector and plastic scintillators. The latter are
necessary to determine the trajectories of incoming muons. In the present study, simulations
were conducted with version 9.4 of the Geant4 toolkit. Geant4 is an object oriented development
framework developed at CERN (European Organization for Nuclear Research) for ”simulating
the passage of particles through matter”, and was developed for making accurate simulations of
particle detectors, but also has many applications in e.g. medicine and astrophysics [2]. The
toolkit, based on the programming language C++, allows the user to define the geometry of a
detector with different materials, and then simulate particles and track their interactions with
the detector through a cornucopia of physics processes.

The Geant4 framework handles runs, events and the tracking of particles, all of which are
available for the user to manipulate. Here, a run is a preset number of particles to be generated
in the simulation, and an event is the simulation of a single particle. The tracking of a particle
is handled in small steps, as it traverses the materials in the detector. The programmer can
supply his own code to conduct a virtual experiment - from the geometry and materials in the
detector, to the number of simulated particles and particle direction. There is also a possibility
to manipulate data output after need [3].

Geant4 simulates electromagnetic processes, as well as hadronic interactions for high- and low-
energy physics and uses Monte Carlo methods for calculating the probability of certain events
occurring, see Table 2. The Monte Carlo engine of Geant4 handles probabilities for the occurrence
of physics processes and, as is the case with all statistical processes, the error results from such
simulations. The validity and accuracy of Geant4 simulations of electromagnetic processes has
been proven in a number of studies [4][5].

3.2 Software for simulations

To study basic physics processes with muons and protons in a scintillating material, a program
was written within the Geant4 framework that generated particles of a user defined energy with
momentum along the symmetry axis of a cylinder with length 20.0 cm and diameter 10.0 cm. See
Figure 4 for an example of the visual output from the program.

To run simulations of an actual crystal from the Crystal Ball array together with plastic
scintillators, another program was written that reads a scintillator setup from a user created
data file. This program also employs a realistic angle- and energy distribution of muons, together
with the geometry of a Crystal Ball crystal. All scintillators were simulated as having a thickness
of 0.5 cm.

The Crystal Ball is made up of crystals of four different crystal shapes in order to build up
a solid, hollow sphere, much like the pattern of hexagons and pentagons on a soccer ball. The
measures for the crystal were obtained from GSI, and the shape called ”D” is expected to be used
for the calibration experiment. The crystal is defined by the points (6.80, 4.33), (0.0, 10.09),
(-6.80, 4.33), (-6.80, -4.33), (0.0, -10.09), (6.80, -4.33) all measures in cm taken at a reference
radius of 49.9 cm, see Figure 5. The shape is then spanned between an inner radius of 25 cm and

7



3 METHOD 3.3 Simulated materials and processes

Figure 4: Visual output from the experimental setup in Geant4 - a muon traversing straight
through the center of a NaI cylinder. The rays originating from the center are gamma photons
created from the interaction between muon and crystal.

an outer radius of 45 cm. See Figure 6 for an example of visual output from the program and
illustration of the crystal shape.

Figure 5: Profile of crystal shape ‘’D” used in simulations.

For every event the program saves the amount of energy that is deposited in the crystal,
and in the scintillators, to enable a post hoc coincidence measurement. Data was collected and
analyzed with the ROOT toolkit. ROOT is an object-oriented data analysis package designed to
handle large data amounts typical for experiments in particle physics [16].

3.3 Simulated materials and processes

For the NaI crystal, data from Geant4’s included NIST (National Institute of Standards and
Technology) material database was used, while the material in the plastic scintillators were defined
in Geant4 as a mix of H and C with a total density of 1.032 g/cm3, and a ratio between H:C of
10:9 [19]. The physics processes included in the simulations can be found in Table 2.

8



3.4 Simulated muon distribution 3 METHOD

Figure 6: Visual output from the experimental setup in Geant4 - a crystal together with two
plastic scintillators.

3.4 Simulated muon distribution

In order to achieve a realistic distribution of muons impinging on the crystal, a modified hemi-
sphere was constructed around the crystal. Initially a position vector was randomized on the
hemisphere with center in the origin, using uniformly randomized values of θ and φ in spherical
coordinates.

θ ∈ [0,
π

2
] (5)

φ ∈ [0, 2π] (6)

This resulted in a position vector −→vp = (xp,yp,zp) with xp, yp and zp given by equations (7)-(9),
where R is the radius of the hemisphere.

xp = R cos φ sin θ (7)

yp = R sin φ sin θ (8)

zp = R cos θ (9)

An offset vector, −→vo , orthogonal to the position vector was obtained by deriving its coordinates

with respect to θ.
δ−→vp

δθ
was used since

δ−→vp

δφ
is equal to zero at θ = 0, and, thus, does not give us a

uniform distribution.
The acquired offset vector was rotated by a randomized angle α around the position vector

and its magnitude, r, was set by the the magnitude of the position vector times the square root
of a randomized scalar between zero and one. This was done to achieve equal probability for each
point on a disc tangential to the hemisphere.

9



3 METHOD 3.4 Simulated muon distribution

Particle Enabled processes

Gamma photons
Photoelectric effect
Compton scattering
Gamma conversion

Electrons/Positrons
Multiple scattering
Ionisation
Bremsstrahlung
Annihilation

Muons
Multiple scattering
Ionisation
Bremsstrahlung
Pair production

Protons
Multiple scattering
Ionisation
Bremsstrahlung
Pair production

Alpha/He-3/Ions
Multiple scattering
Ionisation

Table 2: Table of particles and associated physics processes included in the simulations.

m ∈ [0, 1] (10)

r = R
√

m (11)

α ∈ [0, 2π] (12)

The start position of the muon was set according to equation (13), see Figure 7, and the
momentum direction of the muon was set to −−→vp .

−→v = −→vp + −→vo (13)

The modified hemisphere was tested to make sure that it provides a uniform distribution.
This was done by placing ten detectors at the bottom of the half sphere as rings at different radii
but all of which had the same surface area on the top. Simulations were made where the number
of hits on each surface were acquired. In Table 3 the number of hits on each surface are given for
a simulation of one million muons sent from the half sphere.

The distribution given by equation (2) was then implemented into the sphere. This was done
by first randomizing values for θ and muon momentum in intervals appropriate for the simulation,
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3.4 Simulated muon distribution 3 METHOD

Figure 7: Visualisation of the modified hemisphere.

and using these values to calculate I as in equation (2). The result was then compared to a
randomized test value between zero and the maximum value of I, and the particle was created
if the test value was smaller than the value of I. If the test value was greater than I, then the
values for θ, muon momentum and the test value were randomized again and the check redone.
The cycle was repeated until the test value was smaller than I. This gave a proper setup for
doing the simulations with the actual muon distribution. The distribution, as intensity plotted
against zenith angle and muon momentum, is given in Figure 8.

Figure 8: The muon distribution. Intensity of muons as a function of zenith angle, in ◦, and
muon momentum, in GeV/c.
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3 METHOD 3.5 Simulations of horizontal scintillators

Hits per detector

Detector 1 98860
Detector 2 100101
Detector 3 100280
Detector 4 99364
Detector 5 100284
Detector 6 100373
Detector 7 100421
Detector 8 100094
Detector 9 99922
Detector 10 100301

Table 3: Number of hits on each detector for 1 000 000 events from the hemisphere for uniform
distribution.

3.5 Simulations of horizontal scintillators

The crystal will be held horizontal during calibration with protons of known energies and it is
desired to use the same setup simultaneously for measuring energies deposited by cosmic muons.
Then there are two main parameters to investigate: size and separation of the plastic scintillators
used to track muons through the length of the crystal. In order to investigate how scintillator
size and separation might affect measurement accuracy and measurement time for horizontal
muons, a set of scintillator setups was created, see Figure 9. The muon flux is at its lowest at the
horizontal, so it was decided that the scintillator at the narrow (front) end of the crystal should be
made as large as the geometry allowed for, and this size was kept at a constant 5.5× 5.5 cm. The
scintillator at the broader (back) end of the crystal was changed in size, and the sizes 5.5×5.5 cm,
9.5 × 9.5 cm, 13.5 × 13.5 cm and 17.5 × 17.5 cm were tested.

After initial analysis of the data it was decided to run further simulations on the scintillator
setup with the most favorable geometry i.e. a setup that maximized the muon particle flux. The
scintillator at the narrow (front) end of the crystal was chosen with a size of 5 × 5 cm and the
scintillator at the broader (back) end of the crystal with a size of 13.7 × 13.7 cm.

In order to investigate how the separation between the front- and back scintillators affected
measurements, simulations were run where the scintillators’ areas were kept constant at 5×5 cm,
while their separation was changed to 42 cm, 47 cm, 52 cm and 57 cm. See Figure 9 for a schematic
view of the changes in separation and size. The back scintillators were placed with a distance of
at least 0.5 cm from the simulated equipment, and with enough space to fit a PMT between one
scintillator and the crystal.

To cut down on simulation time the simulations with horizontal scintillators were run with
a modified muon distribution that only simulated particles coming from a zenith angle between
60◦ and 90◦, i.e. candidates for actually traversing both scintillators. This saved a considerable
amount of time, as the intensity for muons at higher angles are orders of magnitude lower than
the vertical ones.
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(a) (b)

(c)

Figure 9: Extremes for scintillator size and placement in the simulations of horizontal detection:
(a) closest to crystal and PM-tube, (b) furthest apart, (c) largest tested back scintillator.

3.6 Simulations of vertical scintillators

In order to determine how the size of the plastic scintillators affect the results – there should be
a size beyond which no significant gains in resolutions are made – different setups were tested
where the sizes and numbers of scintillators were changed, see Figure 10.

3.7 Estimation of muon particle flux

As there is a finite time in which to perform the calibration with the single detector and its asso-
ciated plastic scintillators, an estimation of the muon particle flux through different scintillator
configurations is needed. Suppose a certain setup gives a well-defined path length through the
crystal. If the number of muons that pass through that configuration of scintillators is very low
though, the time required to get enough muons for good statistics is impractical.

To estimate the muon particle flux through different scintillator configurations the theoretical
flux through a simple scintillator setup was calculated, see subsection 3.8. Simulations were
then run on that setup and the number of hits were compared with the theoretical value, which
resulted in a correlation factor between the two.

For the simulation mentioned above, a total of 6 ·107 particles were shot, 6476 of them passing
the two vertically placed detectors. With a calculated theoretical value, τ , of one muon passing
the vertical setup every 423 seconds, the simulation represented the setup being bombarbed by
muons for a duration of τ · 6476 ≈ 2.74 · 106 s.
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(a) (b)

(c)

Figure 10: Some of the different setups used to detect vertical muons: two rows of (a) one
10 × 20 cm scintillator, (b) four 5 × 5 cm scintillators, (c) twenty 1 × 1 cm scintillators.

Also included in the same simulation was another pair of scintillators, this one horizontally
placed. This was done in order to correlate the ordinary muon distribution with the modified
distribution mentioned in subsection 3.5. The scintillator setup used in the simulation is shown
in Figure 11.

3.8 Theoretical muon particle flux through a simple scintillator setup

The angular intensity of cosmic muons can be approximated using the following empirical rela-
tionship

I(θ) ≈ I(0) cos2 θ (14)

where θ is the zenith angle and I(0) the vertical intensity (θ = 0) [13]. I(θ) is given in units of
cm−2s−1sr−1, which means that I(θ) is the number of particles passing through a certain area
from a certain solid angle every second. The angular intensity is uniform with respect to φ.

To calculate the muon particle flux, J , through a scintillator one needs to integrate the angular
intensity over the solid angle Ω, which the scintillator “sees”.

14
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Figure 11: Setup used to obtain correlation factors between the real muon particle flux and the
simulated.

J =

∫

I(θ) cos(θ) dΩ (15)

where the cos θ term is due to the fact that the flux across a surface depends on the angle
between the surface normal and the direction of the particles.

The vertical intensity I(0) is calculated by using equation (2) and integrating the expression
for I(0) with respect to the momentum, 1 GeV/c ≤ pµ ≤ 30 GeV/c. The values for the momentum
chosen here are the ones used in section 3.4, also see Figure 8. Integration using MATLAB yields

∫

30

1

I(0) dpµ ≈ 6.4 · 10−3cm−2s−1sr−1 (16)

For a simple setup two square scintillators, of the same size, are placed, one above the other,
at a fixed distance from each other. The muon particle flux through this setup is equal to the flux
through the bottom scintillator over the solid angle the bottom scintillator “sees”. To simplify
the geometry the following two assumptions are made:

1. Each small area element of the scintillator “sees” the same solid angle as the one “seen” by
the center of the detector.

2. The square scintillators are modeled as circular, having the same area.

The solid angle that the center of the bottom scintillator “sees” is now simply the solid angle
subtended by a cone, see Figure 12.

∫

cone

dΩ =

∫ θ

0

sin(θ′) dθ′
∫

2π

0

dφ (17)

Combining equations (14), (15) and (17) yields a muon particle flux for this particular setup
of
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θ

Figure 12: Left: A simple setup of two scintillators. Right: The solid angle “seen” by a small
area element at the center of the bottom scintillator.

J ≈ 2π

∫ θ

0

(I(0) cos2 θ) cos θ sin θ dθ =
(π

2

)

I(0)(1 − cos4 θ) (18)

where J is given in units of cm−2s−1. To get the total number of muons that passes through
the scintillator every second one simply multiplies J by the area of the scintillator.

To illustrate, an example can be taken of a simple setup using square scintillators with a side
length of 5 cm and a distance between the two of 41 cm. For this setup equation (18) yields an
estimated total muon particle flux, Jtot = 0.0024 s−1 i.e. one muon passes the two detectors every
423 seconds (τ = 423 s).
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4 ENERGY DEPOSIT IN NAI FOR MUONS AND PROTONS

4 Energy deposit in NaI for muons and protons

In this section the behaviour of muons and protons passing through sodium iodide were investi-
gated. Simulations in this section were all run with a cylinder, composed of NaI, with a radius
of 10 cm while the length was varied between 5 cm, 10 cm, 15 cm and 20 cm. The number of par-
ticles impinging was 10000 in all simulations. The incoming particles hit the crystal top surface
perpendicular to it.

4.1 Muon behaviour

By impinging mono-energetic beams of muons into cylinders of fixed length one can find system-
atics in the deposited energy of the muons by varying these parameters. The deposited energy
spectra that resulted from the simulation were fitted with Landau distributions.

When charged particles, in this case muons, traverse a thin layer of matter the deposited
energy is centered around a most probable value, and positively skewed toward higher energies.
This means that a Gaussian distribution with mean and variance is not suited for analysis of
deposited energies. A curve that does fit these data well is the Landau distribution, with two
parameters: most probable value, MPV, and a scale parameter, σ. A smaller σ gives a narrower
peak. The most interesting parameter for this study is the most probable value along with its
error. For an example of a curve fit to a Landau distribution, see Figure 13.

Figure 13: A Landau distribution fitted to data corresponding to the deposited energy of mo-
noenergetic and monodirectional muons traversing a NaI-cylinder of length 20 cm. The muons
have an kinetic energy of 1.0 GeV and traversed through the center of the cylinder. The σ value
for the distribution is 3.50 MeV.
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4.1.1 Energy and length dependence

By collecting the information for different lengths traveled through the crystal at different energies
one finds a relation between the two. The results are plotted in Figure 14. Since muons in this
case are minimum ionizing particles, see section 2.2, it is expected that their energy deposit is
linearly dependent on the traversed length through the crystal.
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Figure 14: The most probable value (MPV) of deposited energy extracted from simulations where
muons traversed the center of a NaI cylinder of varying length plotted against the cylinder length
for different energies. The data is fitted to a Landau distribution, see Figure 13. The graph
includes error-bars from the fit of the MPV, although too small to be seen by the naked eye.

To find the dependence of incoming energy to deposited energy, muons traversing the crystal
with energies varying from 0.5 GeV up to 20GeV were simulated. The results of those simulations
are presented in Figure 15. One can clearly see that the energy deposited does not vary much
with incoming energy between 4 GeV and 20 GeV (3.6%− 4.15% relative backward error). Once
again this is due to the particles being minimum ionizing.

4.1.2 Surface effects

There exist surface effects i.e. the deposited energy varies depending on where the muon hits the
crystal, that is, if it is close to the surface or not. One can argue that, as the muons impinge
closer to the surface the secondary particles created can scatter out of the cylinder, which is
demonstrated in Figure 16.

As the beam gets closer to the surface these effects become evident, for example 0.03 cm from
the side of the crystal there exists almost two equivalent peaks, see Figure 17. An examination
of how the mean energy varies with distance to the surface was conducted, with results in Figure
18.

As seen in Figure 18 the effect occurs only when the particles get very close to the surface of
the crystal. Therefore one should, when calibrating the crystal, position the scintillators in such
a manner that trajectories of muons with less than 5mm to the surface are suppressed.
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Figure 15: MPV from the Landau fit of energy deposited by muons with varying incoming
energies. This was done for muons traversing four different lengths of an NaI crystal.

Figure 16: Deposited energy for muons hitting the NaI cylinder 0.9 cm from the edge. The
cylinder’s length is 20 cm.

4.2 Proton behaviour

Protons are, unlike muons, not minimum ionizing particles in the interesting energy range. There-
fore one can not expect the energy deposit to behave like the energy loss experienced by muons.
The histograms that result from the proton simulations were fitted with Gaussian distributions
instead of Landau distributions used for muons. For sub-punchthrough energies, the histograms
were not fitted with any function since the protons deposit all their energy and give rise to a
well-defined peak, see Figure 19.
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Figure 17: Energy deposited by muons impinging 0.03 cm from the surface of a 20 cm long NaI
cylinder.
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Figure 18: Surface effect illustrated by plotting the mean deposited energy of incoming muons
with 1.0 GeV energy versus the distance from the centre where the muon hits the cylinder surface.
The cylinder has a radius of 10 cm.

4.2.1 Punchthrough energies

To examine the behaviour of protons, they were simulated with different energies traversing
through cylinders of varying length and the results can be seen in Figure 20.

Since it is helpful to visualize how the punchthrough energy varies with traversed length, the
energies where punchthrough first occur is plotted against the length of the crystal, see Figure
21.
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Figure 19: The energy deposited by protons with 50MeV kinetic energy in a 10 cm long NaI
crystal.
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Figure 20: MPV from the Gaussian fits from simulations where protons with different energies are
shot through NaI crystals of varying lengths, plotted against the incoming energy. The non-linear
parts correspond to energies larger than the punchthrough energies. The plot contains error-bars
(for the MPV-value) for energies above punchthrough energies which are not visible due to their
small size.

21



4 ENERGY DEPOSIT IN NAI FOR MUONS AND PROTONS 4.2 Proton behaviour

5 10 15 20
100

120

140

160

180

200

220

240

260

280

Length of crystal,cm

P
un

ch
th

ro
ug

h 
en

er
gy

,M
eV

Figure 21: Punchthrough energies plotted against the length of the NaI crystal in which they are
recorded. This figure does not contain error-bars.
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5 Results

We will present the results obtained from simulations with horizontal scintillators, see section 3.5,
in the following section and then move on to results from variations of vertical ones as described
in section 3.6.

5.1 Horizontal scintillators

Results from variations in area will be presented first, followed by results from muon flux calcu-
lations and lastly results from simulations where separation was varied.

5.1.1 Variations in area

Results from simulations with differently sized scintillators are shown in Figure 22 and Table 4.

(a) 5.5× 5.5 cm (b) 9.5× 9.5 cm

(c) 13.5× 13.5 cm (d) 17.5× 17.5 cm

Figure 22: Histograms of energies deposited in the NaI crystal for horizontal square plastic
scintillators of different side lengths. Note the different scales of the y-axis.

The data show that the variation in size hardly affects the values of MPV or σ, but that it
has a significant effect on the number of muons that pass through both scintillators in a given
timespan.
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side [cm] n MPV(σ) [MeV] hits/106

5.5 1121 102.74(5.09) 22.4
9.5 1861 103.04(4.88) 62.0
13.5 11079 102.57(4.67) 123.1
17.5 10020 102.54(4.71) 200.4

Table 4: Results from simulations of horizontal muons for back scintillators with different side
lengths. n is the registered number of particles, MPV and σ are the ”most probable value” and
its corresponding uncertainity from a Landau fit to the data. Hits/106 is the number of muons
that took a path through both scintillators per one million simulated muons.

5.1.2 Muon particle flux

The limiting factor for the calibration detector is the number of muons that pass the horizontal
setup in the time allowed. The horizontal scintillator setup with the most favorable geometry
has a total muon particle flux of Jtot = 7.2788 · 10−4 s−1 i.e. one muon passes the two detectors
every 1374 seconds (τ = 1374 s). See Table 5 for the time required for different number of muon
hits in the horizontal scintillators.

Hits Time [days] σ (error(σ)) [MeV]

100 1.59 10.2651 (±3.64152)
200 3.18 6.14709 (±0.555548)
750 11.93 5.28359 (±0.231295)
1250 19.88 4.60752 (±1.68733)

Table 5: Estimated time required for different numbers of muon hits in the horizontal setup, σ
is the “width” of a Landau fit to the data.

5.1.3 Variations in separation

Results from the simulations where scintillator separation was varied can be seen in Figure 23
and Table 6.

separation [cm] n MPV(σ) [MeV] hits/106

42 1330 102.42(4.70) 14.8
47 932 102.50(5.17) 11.7
52 732 102.02(4.98) 9.0
57 427 102.92(5.14) 7.12

Table 6: Results from simulations of horizontal muons for different plastic scintillator separations.
n is the registered number of particles, MPV and σ are the ”most probable value” and spread
of a Landau fit to the data. Hits/106 is the number of muons that took a path through both
scintillators per one million simulated (i.e. a fixed interval of time).
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(a) 42 cm (b) 47 cm

(c) 52 cm (d) 57 cm

Figure 23: Histograms of energies deposited in the crystal for horizontal trajectory square scin-
tillators of the same size, but with different separations. Note the different scales of the y-axis.

The data show that the variation in separation hardly has any effect on the values of MPV
or σ, but that it has a significant effect on how many muons that pass through both scintillators
in a given timespan.

5.2 Vertical scintillators

The scintillator setups can be seen in Figure 24. The scintillators were placed above and below
the crystal as in Figure 10, with a separation of 15 cm. The diagrams show the MPV and σ of
a Landau fit to the amount of deposited energy in the crystal when a muon passed through two
scintillators aligned on top of each other. Obtained values for minimum, maximum and mean of
σ can be found in Table 7.

The data show that, as the scintillators get smaller, the σ of the Landau fits get smaller,
which corresponds to a narrower distribution of energy deposited in the crystal when a muon has
travelled through two plastic scintillators placed vertically above each other. Data also shows
that when when the scintillator size shrinks below (roughly) 5×5 cm the values of σmean and σmax
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Size n σmin [MeV] σmean [MeV] σmax [MeV]

10 × 20 cm 1 4.13 4.13 4.13
10 × 10 cm 2 2.49 2.71 2.93
6.67 × 6.67 cm 3 1.96 2.41 2.72
5 × 5 cm 4 2.01 2.46 2.83
4 × 4 cm 5 1.91 2.39 2.87
3.33 × 3.33 cm 6 1.89 2.30 2.56
2.86 × 2.86 cm 7 1.78 2.40 2.83
2.5 × 2.5 cm 8 1.76 2.40 2.94

Table 7: Results from simulations of vertical scintillator setups. Data presented as scintillator
sizes, number of crystals in a scintillator array together with minimum, mean and max values of
σ from a Landau fit to the data.

do not decrease any more. The fact that σmin still decreases with decreased scintillator size is
probably due to surface effects: as the scintillators shrink in this simulation, the outermost ones
get closer to the edges and thus measure trajectories that are close to a surface, where energy
gets dissipated to the outside of the detector with high probability.

This implies that there is a limit where the broadening of the deposited energy due to the
size of the scintillators is negligible, and the observed broadening can be traced to the statistical
physical processes of particles interacting with matter, which introduces an uncertainty in how
much energy is deposited. This also means that there is a limit beyond which it is neither useful
nor necessary to shrink the scintillators.
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(a) 10× 20 cm (b) Deposited energy

(c) 6.67× 6.67 cm (d) Deposited energy

(e) 2.86× 2.86 cm (f) Deposited energy

Figure 24: Scintillator sizes and setups with corresponding deposited energies. The crosses and
error bars represent MPV and σ from a curve fit to a Landau distribution. The x-coordinates in
the plots show the distance from the broad end of the crystal to the center of a scintillator.

27



6 SUGGESTED EXPERIMENTAL SETUP

6 Suggested experimental setup

We have studied two different types of setups for the calibration, one with ordinary scintillation
counters and one with position sensitive scintillation counters.

The latter one is suspected to be close to impossible or at least very hard to implement with
enough precision and is thereby not recommended. The idea though, from our point of view, is
an elegant and interesting one and might be worth further investigation if there is time, money
and interest.

6.1 Ordinary scintillation counter

The bottleneck in the process of measuring muons is, as earlier mentioned, the horizontal flux
through the length of the crystal, given that the crystal should stay horizontal during the collec-
tion of data, and that the calibration should not take more time than three days.

The simulations above have shown that since the size of the back scintillator does not affect
the MPV or σ, it would be preferable to maximize the areas of the horizontal scintillators, while
making sure that the muons going through both scintillators traverse the whole length of the
crystal. Considering the needed space for a PMT at the back end of the crystal, we suggest two
square scintillators - 5 × 5 cm and 13.7 × 13.7 cm, see Figure 25.

It was also shown that shrinking the square scintillators beyond 5 × 5 cm did not improve
much on the error of the measurement, so we suggest using scintillators of this size. In order to
minimize the impact of surface effects the scintillators should be placed at least 1 cm from edges,
see Figure 16. These things considered we would suggest a setup with three pairs of scintillators
measuring 5 × 5 cm placed vertically above each other, 1 cm from the back edge of the crystal.
The placement over the thicker end minimizes the relative difference between the longest and the
shortest possible traversed path traversed through the crystal by the muons.

(a) 5.5× 5.5 cm (b) 9.5× 9.5 cm

Figure 25: Scintillator setup to maximize horizontal muon flux, avoid surface effects, and gather
accurate data with plastic scintillators.
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6.2 Position sensitive scintillation counter

One idea that we investigated is connecting four photomultiplier tubes (PMTs) to each scintil-
lator, thereby making it possible to calculate where muons hit the scintillator in the following
way.

The equation for a circle in a Cartesian coordinate system is

(x − a)2 + (y − b)2 = r2 (19)

where (a, b) is the center and r is the radius.
When a muon travels through the scintillator photons are emitted. Part of these photons are

then detected by the PMTs. If the scintillator is thin, one can assume that it is two dimensional
which means that the muon travels through it at a position (xm,ym), see Figure 26.

Figure 26: An example of a muon passing the position sensitive scintillator at (xm,ym).

From Figure 26 one sees that the connection points for the PMTs are located on circles
centered at (xm, ym) and with radii r0, (R1 + r0), (R2 + r0) and (R3 + r0), respectively. To
get R1, R2 and R3 one multiplies the time difference measured between each connection point
and the connection point for the PMT which is first to detect photons. In reality one will have
to know the time it takes for photons to travel between a connection point a PMT so one can
substract that time from the actual measured time.

If one inserts the radius and position for the connection points into the equation for a circle
(19) one gets four coupled equations (20).

{

x2
0 − 2x0xm + x2

m + y2
0 − 2y0ym + y2

m = r2
0

x2
i − 2xixm + x2

m + y2
i − 2yiym + y2

m = r2
0 + r0Ri + R2

i i = 1,2,3
(20)
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Substitution of the first equation from the three others and some algebra results in a matrix
equation (21).





2x0 − 2x1 2y0 − 2y1 −R1

2x0 − 2x2 2y0 − 2y2 −R2

2x0 − 2x3 2y0 − 2y3 −R3









xm

ym

r0



 =





x2
0 − x2

1 + y2
0 − y2

1 + R2
1

x2
0 − x2

2 + y2
0 − y2

2 + R2
2

x2
0 − x2

3 + y2
0 − y2

3 + R2
3



 (21)

Solving this system of equations gives (xm, ym) which is the point where the muon passed the
scintillator.

Using this setup one could theoretically just place one big scintillator above and one below
the crystal and then be able to trace most of the muons traversing the crystal. This makes it
possible to obtain a huge amount of data in a short time even though one might have to throw
away some undesirable data due to the scintillators being so large compared to the crystal.
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7 Conclusions and Discussion

To calibrate a single crystal with the proton beam, we note that the beam has a well-defined
energy and this energy should be such that it is below the punchthrough energy. This can be
guaranteed thanks to the fact that the punchthrough energy varies linearly with length, see Figure
21. The path that the proton beam will take is 20 cm long and the proton energy should thus be
less than 288 MeV.

This beam, which is monodirectional and monoenergetic, gives us a well-defined peak in
the deposited energy corresponding to the incoming energy of the protons, see Figure 19. The
resolution, being less than 2 % for protons being stopped in the crystal [21], will not affect the
results. The energy deposited in the crystal by incoming protons will be known by correlating the
signal resulting from muon interactions in the crystal and the deposited energy of the protons.

From the simulations in section 4.1.1 one sees that muons in this energy-range do indeed
behave as minimum ionizing particles. As such, the deposited energy should not depend on the
incoming energy of the muons, which is supported by our simulations, see Figure 14. One can thus
use muons to calibrate the Crystal Ball. Their path through the detector array is known because
single muons will make different crystals “fire off” in coincidence, making it possible to calculate
the path traversed. The signal resulting from the energy deposit can hence be calibrated.

An issue that arises for protons that are not stopped by Crystal Ball is that their energy can
not be determined unambiguously. There is therefore a risk of them being mistaken for lower
energy stopped ones, see Figure 20.

One thing that should be considered in further studies and simulations is how the thickness
of the plastic scintillators affects the processes. This study only considered square plastic scin-
tillators with a fixed thickness of 0.5 cm. It would be of interest to run more simulations with
other shapes and thicknesses to further investigate parameters that would contribute to making
good measurements. Geant4 has many possibilities to easily simulate physical bodies of many
different geometrical shapes, and plastic can be manufactured into many different shapes, so the
realizable variations are endless in both simulations and in the lab.

Simulations were time consuming with the computer power available to the group. The
simulation time required to get a decent amount of muons through both scintillators in the
horizontal setups could take up to 10 hours for small scintillator sizes. One should look into
possibilities to optimize the code, especially the muon distribution, to speed up simulations, and
make time available for testing more scintillator setups and properties.

There has been some indications that the theoretical muon distribution might have too low
intensity for muons at angles close to the horizon. Researchers have found that experiments
yielded a horizontal muon flux about twice as large as the simulations predict [20]. This is
promising, as it would cut down calibration time by half.
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