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1 Introduction

The Monte Carlo (MC) technique is widely used in the simulation of particle physics
events. The principle of the Monte Carlo technique is to simulate the evolution of an
event in small steps in a characteristic parameter, such as path length. At each step a
decision based on defined probabilities is taken whether the object in question is to be
transported unaltered to the next point, or if an eligible secondary interaction or change
of state should occur.

In general, the simulation of particle physics events contains the generation of the pri-
mary physics process, tracking of the generated particles in various media and deter-
mination of secondary interactions with the MC technique, and the simulation of the
response of the detector. Usually generation of events including full simulation of sec-
ondary processes requires a large amount of CPU time. In particular, this is true when
high energy electromagnetic showers are present as for instance in data in experiments
studying high energetic cosmic radiation. However, large samples of events are necessary
to obtain experimental result with statistical significance. The dilemma has been solved
by constructing a separate simulation program which creates a library of electromagnetic
showers by pre-generating the showers with a full Monte Carlo simulation. The library
is then utilized in the simulation of the complete events. That is, when a secondary elec-
tromagnetic particle is produced, the resulting electromagnetic shower is fetched directly
from the pre-generated library. Thus by avoiding detailed tracking of- the secondary par-
ticles in the showers until their energy fall below a given threshold energy, the CPU time
consumption for the complete simulation is reduced dramatically.

With a detector measuring Cherenkov radiation in mind, only the information of the
Cherenkov photons from the showers were stored in the library in the version of the
Shower Library program described here. However, the information in the library can be
extended to any level for use in other applications. The Shower Library program uses
the GEANT version 3.15 package [1].

The basics of electromagnetic showers induced by high energy muons in ice are described
in section 2 together with some studies of the characteristics of the electromagnetic show-
ers in ice with full simulation. The procedure for building the Shower Library is described
in section 3.

The Shower Library has been applied in the simulation for the AMANDA experiment.
The AMANDA experiment is a high energy neutrino detector located at the South Pole.
It measures up-going muons induced by the high energy neutrinos. A comparison of
the results of a complete simulation using the Shower Library with the full Stockholm
AMANDA Monte Carlo simulation [2] is presented in section 4. The agreement is good.

In order to know the neutrino energy spectra it is important to estimate the energy of
the muons. Section 4.4 describes a first attempt to determine the energies of the muons
using the Shower Library.



2 Basics of electromagnetic showers induced by high
energy muons in ice

2.1 Electromagnetic showers
When a charged particle such as an electron penetrates a medium, it loses energy by
electromagnetic radiation and ionization processes. Whereas the radiative energy loss is
proportional to the energy of the electron, the ionization loss rises only logarithmically.
Above the critical energy Ec radiation processes dominate the energy loss. The critical
energy for electrons is roughly given by [3]

where Z is the atomic number of the medium. For water and ice this yields Ee cz 95
MeV. Secondary particles from radiative processes interact themselves and generate new
secondary particles. As a results of this cascading process, electrons with sufficient energy
immediately produce electromagnetic showers.

The radiation length, Xo, for electrons is defined as the average distance over which the
energy of an electron is reduced by a factor of 1/e. The radiation length for electrons in
ice is about 39.3 g/cm2. The number of radiation lengths over which a shower develops
is [4]

t = /rÅ/n(2) (2)

where EQ is the energy of the initial electron.
The total number of particles at the shower maximum is proportional to the initial energy
EQ and can be written [4]

Nmax = E0/Ec (3)

For example, an electron with an energy of 1 TeV in ice would develop a shower over
about 13.4 radiation lengths, or 5.3 meters, with approximately 11,000 particles at the
shower maximum.

2.2 Monte Carlo simulation of the electromagnetic shower
In order to study the behaviour of high energy electromagnetic showers in ice, a series of
simulations has been carried out using the GEANT simulation package.

After initializing the detector geometry, the different materials, the tracking parameters,
and computing the cross sections of the various secondary processes, the simulation is
controlled by the GEANT routines. GEANT provides tracking and full simulation of the
processes responsible for generating secondary particles with the Monte Carlo technique.
The specific secondary process at a given step is chosen according to the probabilities of
the allowed interactions in the current medium. The distance to the interaction point is



calculated according to the inverse of the cross section for the specific interaction. The
following secondary processes were taken into account during the tracking:

Photoelectric effect,
Compton scattering,
bremsstrahlung,
e* pair production,
multiple scattering,
positron annihilation,
Æ-rays.

The newly generated particles are stored as new tracks in a stack. GEANT loops over
all the particles until they have been traced completely, ie until they have stopped or the
energy of the particle has fallen below the threshold energy in the tracking (here set to 1
MeV for electrons and positrons). Clearly this procedure is very CPU time consuming,
especially when tracking high energy particles and it is necessary with a low threshold.

2.3 Characteristics of the simulated electromagnetic showers
In order to construct a faster simulation, it is important to have a good understanding for
the fundamental characteristics of the electromagnetic showers at high energies. There-
fore showers simulated with the full GEANT simulation has been studied.

The gain in CPU time using a shower library depends on how frequent are high energy
showers in the relevant reaction. As an example, figure 1 shows the average rate of show-
ers per meter along high energy muon tracks. The results were obtained by generating
1000 muons with intial energies from 100 GeV up to 100 TeV. A one TeV muon produces
on the average a 10 GeV shower within 200 meters along its track in ice.

Figure 2 presents the average number of charged particles produced in electromagnetic
showers per 50 cm along the longitudinal axis of the shower. These results were obtained
by generating 100 electron events in ice, with different energies; 1 GeV, 10 GeV, 100
GeV, and 1 TeV.

A profile of electromagnetic showers in ice are shown in figure 3. The dots correspond
to the starting points of all e* pairs in the shower. The plot contains 100 superimposed
electron showers at 100 GeV. The figure shows that the electromagnetic shower has a
very dense core and only a very limited lateral distribution.
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Figure 1: The rate of showers induced by high energy muons in ice versus shower energies
(GEANT (3.15)) *
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Figure 2: Average number of charged particles produced in electromagnetic showers.
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Figure 3: Profile of electromagnetic showers with an energy of 100 GeV projected on the
z-x plane. Each dot corresponds to the starting point of an e* pair.

2.4 Cherenkov effect
Charged particles lose energy through several mechanisms when passing through matter.
Two contributions are inelastic collisions with atomic electrons, which results in ionization
of atoms along the particle path, and hard electromagnetic radiation. However, if the
charged particle travels faster than the speed of light in the medium, another small
fraction of energy loss is via the Cherenkov effect. The Cherenkov threshold is given
by[5]

**k (4)
where (3 is the velocity of the charged particle relative to the speed of light in vacuum
and n denotes the index of refraction. Above this threshold the particle emits photons
at an angle $c defined by

cos6c = —
pn

For relativistic particles (/? ~ 1) in ice (n~ 1.33 [6]), 9C is about 41.2°

(5)

The number of photons iV emitted per unit length in a limited wavelength interval Ai <
A < A2 is [5]

dN/dx = 27ra(l - dX/X2 = 2irasin29c [** dX/X (6)
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Figure 4: The angular distributions of the Cherenkov photons in ice.

where a is the fine-structure constant (~ 1/137). A calculation for ice yields about 330
emitted photons per cm in the wavelength interval 300 nm < A < 600 nm.

The Cherenkov threshold energy for a specific particle can be calculated via

m
(7)

For electrons the formula yields about 0.78 MeV. The value for the tracking energy
threshold was set to 1 MeV in the simulation. The difference in the number of Cherenkov
photons due to the cut-off is about 1% for a 1 TeV shower.

The average angular distribution of the Cherenkov light for an electromagnetic shower
with respect to the shower axis is shown in figure 4. Each curve is the average of 100



simulated electron events in ice. Evidently the distribution for a 0.01 TeV, a 0.1 TeV,
and a 1 TeV shower have similar shapes and are mainly scaled with the energy. The full
width at half maximum (FWHM) is 12 degrees independent of the energy. The standard
deviation is about 22 degrees. The total number of Cherenkov photons emitted can be
obtained by integrating over the range of the curve. A one TeV shower in ice emits of
the order of 106 Cherenkov photons.

3 The Shower Library program

3.1 Motivations and principle
In general, a full Monte Carlo simulation with secondary processes requires a large amount
of CPU time. This becomes a difficult obstacle when large event samples are needed. In
order to speed the simulation up a separate program has been constructed.
In general terms the procedure to make the Shower Library includes two steps:

- Generating many electron showers at different energies.
- Storing the information of the showers in a library.

Thus when secondary electromagnetic particles are produced in the simulation of the
complete event, the showers with the closest corresponding energies are fetched from the
Shower Library. An interpolation method is used to correct for the difference in energy
between the secondary particle and the closest corresponding shower in the library. If
the energy of the secondary particle is outside the energy range of the Shower Library,
GEANT performs full simulation until the energy of the secondary particles have reached
the range of the library. In this case the efficiency for using the Shower Library decreases
(see section 4.3.4).

3.2 Creation of the Shower Library
To create a shower library, the first step is to choose suitable parameters for the electro-
magnetic showers. All the showers are generated vertically with the shower axis along z.
With an experiment detecting Cherenkov light in mind, only the Cherenkov light inten-
sity as a function of the angle from the shower axis (6) and the distance from the start of
the shower (z) is stored in the library in 6-z bins. The Cherenkov photon density in the
6-z plane is shown in figure 5 where each dot represents a Cherenkov photon. It is clearly
seen that most photons are emitted at the Cherenkov angle with respect to the shower
axis. The bin size was determined by studying the photon density in the 6-z plane for the
electromagnetic showers with the highest energy in the library, ie 100 GeV. The bin size
was chosen finest in the region of the shower core (min ~ 1.5° x 22 cm) and was increased
towards the edges of the shower (max ~ 15°x470 cm).

After the simulation of the shower the vector P(0 ± A0,z±Az), where P is the number
of photons in the bin 6 ± A#, z±Az, is stored in a memory. The storage of the showers
was organized using the ZEBRA package [7] which provides routines for handling one-
dimensional structures of data banks.
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Figure 5: Cherenkov light distribution projected on a 6-z plane from full GEANT (3.15)
simulations.

The Shower Library discussed in this report contains 1000 electromagnetic showers with
energies from 0.1 GeV to 100 GeV in steps according to a flat logarithmic distribution.
The reason for the logarithmic distribution is to have a better resolution at lower energies.

In order to correct for the difference in energy between the produced secondary elec-
tromagnetic particle and the closest corresponding shower fetched from the library, the
number of Cherenkov photons in each 6 — z is rescaled by interpolating between the two
library showers nearest in energy.

4 Application in the AMANDA experiment

4.1 The AMANDA experiment
The AMANDA (Antarctic Muon and Neutrino Detector Array) experiment utilizes the
South pole ice as a detector medium to observe high energy muons induced by neutrinos
from astrophysical sources [8]. High energy muon neutrinos passing through the Earth
from the northern hemisphere produce upward moving muons in the ice below the de-
tector. Such a muon emits Cherenkov light and causes electromagnetic showers through
hard electromagnetic interactions in the ice. When the muon passes through the detector
array it can be tracked by measuring the arrival times of the Cherenkov photons from
the muon and the showers at the photomultiplier tubes (PM tubes). In 1994-1995 the
detector consisted of four strings, with PM tubes located at a depth of 800 to 1000 metres



in the ice (AMANDA A). In 1995-1996 during the antarctic summer, an additional four
strings were deployed at depths of 1500 to 2000 metres (AMANDA B) [9].

4.2 The Stockholm AMANDA Monte Carlo Simulation
The Stockholm AMANDA Monte Carlo program is originally from a PAN simulation
package [10], which used the LEPTO program [10] to generate neutrino interactions with
up-going muons in water. The simulation uses the standard CERN GEANT 3.15 package
[1]. In addition the simulation program developed for the AMANDA experiment, NUSIM
[2], contains simulation and digitization of the response of the AMANDA detector. The
NUSIM program provides a high flexibility for use in the physics analysis.

A large sample of events to be used in the physics analysis of the real experimental data
has been simulated with the NUSIM program. A simulated AMANDA event contains
the following information:

• Position(x,y,z) of each PM tube in centimetres.
• Photon arrival times at the PM tubes in nanoseconds.
• Number of photoelectrons collected by each PM tube taking into account the effi-

ciency of the optical modules [6]. In the real data this is measured as a pulse height
in the PM tube. One photoelectron registered in a PM tube is defined as a hit.

• Muon track parameters such as 0, <f> (zenith respectively azimuthal angle) and the
starting point of the muon (x,y,z at t=0).

All this information is used in the muon track reconstruction and to trace the origin of
the initial high energy neutrinos.

The AMANDA detector trigger conditions consist generally of a minimum number of
hits. E.g., 7/3 means a trigger requiring 7 or more PM tubes hit in 3 or more strings.
If the trigger condition is fulfilled, the event is recorded. Typically the trigger schemes
used in the simulation in this paper are from 6/3 to 10/3.

4.3 Comparing full simulation and simulation utilizing the
Shower Library

To check the correctness of the simulation using the Shower Library, several parameters
have been compared with those for the full simulation;

- Cherenkov light intensity produced by electromagnetic showers,
- photon arrival times at the PM tubes,
- number of photoelectrons collected in the PM tubes,

In addition the CPU time consumption has been compared.

The detector configuration simulated for the comparison consisted of six strings. Five
were arranged on a circle with a radius of 60 metres with and one was located in the
center. Each string had 13 PM tubes facing downwards in order to register only up-going
muons. The vertical space between the PM tubes was ten meters. The electrons and
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muons were simulated with a fixed initial energy and direction (42°), and the trigger con-
dition was 6/3. The simulation was carried out assuming clean ice. Therefore no photon
attenuation was taken into account. The maximum absorption length for photons was
set to 60 meters [2].

4.3.1 Cherenkov light produced by the showers

The average number of Cherenkov photons emitted by electromagnetic showers as a
function of the shower energy is shown in figure 6. The plot indicates that the number of
photons is proportional to the shower energy. For example, a 100 GeV shower emits of
the order of 105 Cherenkov photons. The agreement is good with a maximum discrepancy
of 16 %.
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Figure 6: The average number of Cherenkov photons as a function of the shower energy.

4.3.2 Timing Information

The task of the Stockholm AMANDA Monte Carlo is to simulate the timing information
of the Cherenkov photons and the number of photoelectrons collected by the PM tubes
for each event. This information is recorded in the simulation. Figure 7 shows the average
arrival times of the Cherenkov photons at the PM tubes for 1000 muon events with an
initial energy of 1 TeV and starting points generated randomly in a 400x400 m2 plane
located 200 m below the detector. Whereas in the full simulation the arrival times are
given for each photon, in the Shower Library they are calculated for each 9-z bin in the
Cherenkov photon density for the shower. The differences seen in the plot are well within
the statistical fluctuations.
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4.3.3 The number of photoelectrons observed at the detector

The real experimental data contains pulse height (ADC) rather than the number of pho-
toelectrons registered in the PM tubes as in the simulation. However, the magnitude of
the pulse height is proportional to the number of photoelectrons. In the simulation, the
number of photoelectrons is calculated by considering several things such as geometrical
effects determining how many Cherenkov photons that reaches the PM tubes and the
quantum efficiency of the PM tubes. The quantum efficiency is wavelength dependent
and has a peak at about 20 % - 30 %. The actual number of photoelectrons registered is
then obtained using a Poisson distribution.

In the full simulation all tracks are divided into short segments. The number of photons
which can reach a given PM tube due to the geometrical acceptance is then calculated
for each segment and summed up for each PM tube.

When using the Shower Library, instead of transforming the library shower according to
the direction of the particle giving rise to the shower, the coordinates of the PM tubes
are transformed while maintaining the library shower axis along z. The calculation of the
number of photons reaching a given PM tube is based on the 0-z bins of the Cherenkov
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photon density for the whole library shower. The following main geometrical effects were
taken into account:

- If the PM tube is below the starting point of the shower, no Cherenkov photons can
be detected since all PM tubes have the collection window facing downwards.

- If the PM tube is above the starting point of the shower several cases were considered:

1. Shower axis goes outside the PM tube (normal case).
2. Shower axis goes through the center of the PM tube.
3. Shower axis goes through the PM tube but not in the center.
4. Shower axis goes at the edge of the PM tube.

The normal case is shown schematically in figure 8. The various cases give rise to dif-
ferent trapezoidal shapes of the acceptance area in the 0-z plane. Figure 9 shows the
acceptance area for the normal case in figure 8. The é acceptance of the PM tube is
taken into account by assuming the Cherenkov photons to be homogenously distributed
azimuthally. The total number of photons reaching a given PM tube from a shower is
then the number of photons inside the total acceptance area of the PM tube in the z-0
plane multiplied with the fraction of the coverage in <j>.

Finally, the total number of Cherenkov photons collected in the detector for a complete
event is obtained as the sum of the contributions from the showers fetched from the
Shower Library and from all other charged particles in full simulation.

Figure 10 shows the distribution of the number of PM tubes hit in each string for the
full simulation and for the simulation with the Shower Library. The plots contain 1000
muon events where the muons have an initial energy of 1 TeV and a fixed zenith angle
of 42°. A trigger condition of 6/3 was used.

Figure 8: Schematical view of a PM tube relative to a shower showing the geometrical
acceptance.
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Figure 9: The geometrical acceptance in the 6-z plane for the PM tube in figure 8.
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4.3.4 CPU time consumption

A full simulation of the secondary processes requires a large amount of CPU time. By
using the Shower Library program, the CPU time has been reduced dramatically. A
comparison of the CPU time consumption for generating electromagnetic showers in ice
is shown in figure 11 as a function of the shower energy.
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Figure 11: Comparison of CPU time for generating electromagnetic showers. The tri-
angles represent the ratio between the simulation using the Shower Library and the full
simulation.

As seen in the plot, the CPU time for the full simulation and using the Shower Library
is of the same order when simulating showers with energies of around a tenth of a GeV.
Therefore the lowest energy for the shower library is 0.1 GeV.

The CPU time for simulating a complete muon event in ice depends on the energy of the
muon. For instance, with the full simulation:

nuon = 1 TeV:
Emuon = 10 TeV:

0.2 events/min
0.05 events/min

Using the Shower Library program yields:

EmuOn = 1 TeV:
= 10 TeV:

~ 14 events/min
~ 4.3 events/min

Typically, the CPU time consumption using the Shower Library for generating muons at
high energy is many tens of times faster than that of the full simulation.
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Muon energy (TeV)
CPU time/event using the Shower Library (min.)

CPU time/event for the Full simulation(min.)

0.1
0.017

0.18

1.
0.07

3.8

5.
0.12
10.4

10. 1100.
0.23
17.6

0.33
27.4

Table 1: CPU time consumption per muon event on a DEC 3000/300LX.

4.4 A first attempt to determine the energies of the muons
using the Shower Library

In order to estimate the energies of the neutrinos and to estimate the characteristic spec-
tra of astrophysical sources, it is necessary to determine the energy of the muons. In
addition the energy measurement is necessary to distinguish between the interesting high
energy neutrinos and the background from low energy neutrinos and muons produced in
the atmosphere.

4.4.1 The muon energy loss in ice

Muons passing through matter lose energy via ionization and radiation processes such as
pair production, bremsstrahlung and nuclear interactions. The total energy loss can be
parametrized as

-dE/dx = a + bE (8)

where a~ 2 MeV/(g cm"2), b = bbrem+bpair+bnuciear and 1/b ~ 3.3-105 g cm"2 in ice [11].
The first part is the ionization energy loss and b is the energy loss due to the discrete
processes. At a critical energy of a/b, the two energy loss terms become equal. Thus the
critical energy for muons can be calculated to be approximately 600 GeV in ice. Figure
12 shows the total energy loss for muons in ice as a funtion of the muon energy. The plot
has been obtained with GEANT 3.15.

A high energy muon has a very high penetration power. Figure 13 shows the muon range
in ice as a function of the energy. If the energy of the muon is above the critical energy (c±
600 GeV in ice), the muon range is no longer proportional to the muon energy. Typically,
a muon with an initial energy of 1 TeV travels about 2-3 kilometres in ice.

4.4.2 Muon energy calibration and energy resolution

The South Pole ice is a transparent and homogeneous absorber that can be used as a
calorimeter medium. The total number of Cherenkov photons radiated in the detector
volume is proportional to the muon energy deposited in the same volume in the form of
direct Cherenkov radiation and electromagnetic showers. Hence, since the magnitude of
the total pulse is proportional to the number of Cherenkov photons, the energy of the
muon ought to be possible to measure.

A first attempt has been made to investigate if a reliable relation between the energy of
the incident muon and the signal in the detector can be deduced.
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Figure 12: The muon energy loss in ice obtained with GEANT 3.15.

The analysis started from a detector with a geometrical size of 2800 m2-x380 m, consisting
of four strings. As shown in figure 14, three strings were evenly distributed on a circle
with a radius of 30 meters with the fourth string located in the center. Each string had
20 PM tubes arranged with a spacing of 20 metres. Such a configuration of the detector
can be thought of as a calorimeter with a volume of 106 m3.

Based on this configuration, the amount of energy deposited by the muon in the detector
volume has been studied with the Stockholm AMANDA simulation program using the
Shower Library. The starting point of the initial muons were randomly selected on a 1 x 1
m2 plane located 200 metres below the central string. The zenith angle of the muon was
generated at random from 0° to 10°. The simulation was carried out in clean ice and
the maximum photon absorption length in the ice was set to 60 meters. A 6/3 trigger
condition was applied.

Table 2 lists the amount of energy deposited in the detector volume by a muon with an
energy of 0.1 TeV, 1 TeV, 10 TeV, and 100 TeV.

Incident muon energy (TeV) | 0.1

Deposited/initial energy(%)
Deposited energy (TeV)

100
0.1

1.

33± 12
0.33±0.12

10.

17±9
1.7±0.9

100.

5±2
5±2

Table 2: Muon energies deposited in a 2800m x 380m detector volume

For a given incident muon energy, the sum of the number of photoelectrons registered in
the whole detector is shown in figure 15. The plot shows the theoretical numbers assum-
ing no saturation effects in the PM tubes. Due to the long tails at the right end of the
distributions, the mean is not well determined by a gaussian fit. Therefore, the Moyal
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Figure 13: Range for muons in ice as a function of the muon energy.

function was used to fit the curves in the plots. The parameter 'p2' in the information
box in each plot is the peak value of the distribution.

However, with the PM tube (Hamamatsu R5912-02) gain set to 109, the dynamical range
is such that the PM tubes saturate with a signal from more than eight photoelectrons.
Therefore figure 16 shows the total number of photoelectrons obtained with the simu-
lation applying a saturation in the PM tubes at eight (denoted Npe < 8) for each PM tube.

In order to see the measured separation in the total number of photoelectrons for the
different muon energies, the distributions have been plotted together in figure 17 {Npe <
8). Evidently, a 10 TeV muon is well distinguished from a 100 TeV muon. With the satu-
ration in the PM tubes at eight photoelectrons the distributions agree well with gaussian
distributions. The figure also gives a hint about the resolution.
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Figure 14: The detector configuration simulated in the study of the muon energy mea-
surement.

Figure 18 shows the relation between the incident muon energy and the sum of the num-
ber of photoelectrons registered in the detector with saturation and with no saturation
in the PM tubes. From this figure, the energy resolution has been estimated roughly
with the half-width at half-maximum (HWHM) of the distributions of the number of
Cherenkov photons in figure 15 and 16. Extracting the energy spread within the HWHM
curves yields the resolutions presented in table 3. According to the table, AE/E with no
saturation increases from about 40% at 10 TeV to about 50 % at 60 TeV. For saturation
at eight photoelectrons, AE/E decreases from about 40 % at 10 TeV to about 25 % at
80 TeV.

Incident muon energy (TeV)
Energy resolution, no saturation(TeV)
Energy resolution, Npe < 8 (TeV)
Energy resolution, Npe < 16 (TeV)

10
+b
- 3
+b
- 2
+3
- 5

30
+18
-8
+Ö
-10
+13
- 8

50
+32
-14
+13
-15
+21
-16

60
+45
-18
+17
-12
+!W)
-15

80
-
+23
-15
+25
-20

Table 3: Energy resolution as a function of the muon energy

At present a decrease in the gain of the PM tubes by a factor of two is under considera-
tion. This implies that saturation in the PM tubes would occur only after a signal from
about 16 photoelectrons. Therefore the energy determination study has also been carried
out with a saturation at 16 photoelectrons. The results are presented together with the
results with no saturation and saturation at eight photoelectrons in figurecalib and table
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Figure 15: The average number of photoelectrons collected in the detector with no satu-
ration in the PM tubes for muons at 1 TeV, 10 TeV, 50 TeV, and 100 TeV.

3. The energy resolution decreases from about 40 % at 10 TeV to about 30 % at 80 TeV,
ie slightly worse than for a saturation at eight photoelectrons. Nevertheless, the method
to extract the energy resolution is expected to underestimate it at increased saturation
levels, especially for lower energies, since the distribution of the number of Cherenkov
photons assume a more Landau-like shape.

The study of measurement of the muon energies will continue. A better understanding
requires:

• Simulating larger samples of muon events to determine the response of the detector
and the resolution with higher precision.

• More accurate consideration of the properties of the ice[9] in the simulation.
• A more elaborate study of the optimum detector configuration and the PM tube

operation mode.

The Shower Library is very well suited for carrying out the extent of necessary simulations
due to the big gain in CPU time consumption.



20

70

60

50

40

30

20

10

0

60

40

30

20

10

U

-

~—

-,

0

-

1

f-

'-
;
0

1 XVndf
LP1
|P2
nps

1
1 N

! \
100

X"/"df
Conitant
Mean
Siarna

SO TeV

I

. ,.1 oJT
200

77.25 / 57
83.30
92.02
11.SB

[TeV

dy

200

62.00 / 54

1 | 395.6
M 46.01

mn
\

400

50

40

30

20

10

0

35

3U
25

20

15

10

5

0

'-

0

j-

1.

i
i
0

X"/ndf 87.91
Constant
Meorfljl
Sqmftl

n
10 TeV Jf II

/ *
100 200

X"/ndl S3.72
Constant
Meon
Samo

(
100 TeV 1

i
200 400

/ 63
35.76
214.1
37.85

300

_28.36
(•S5.6

J39.1S

11
600

Figure 16: The average number of photoelectrons collected in the detector with saturation
in the PM tubes (iVpe < 8) for muons at 1 TeV, 10 TeV, and 100 TeV.

Number of photoekctrons

Figure 17: The separation in the distributions of the number of photoelectrons collected
in the detector with saturation in the PM tubes at eight photoelectrons for the different
energies.
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simulating of 1000 muon events at energies of 1 TeV, 10 TeV, 50 TeV and 100 TeV.

5 Conclusions
Simulating secondary electromagnetic processes fully requires a large amount of CPU
time, in particular when a low energy threshold for the tracking {pt 1 MeV) has to be
used and for large detector volumes. In order to speed the simulation up, a Shower Li-
brary program has been constructed and presented. The purpose of the Shower Library
program is to pre-generate a library of showers to be used in the simulation of the com-
plete events.

The agreement between the Shower Library and the full Stockholm AMANDA simulation
is good.

The CPU time has been dramatically reduced with the use of the Shower Library. Typ-
ically, the CPU time using the Shower Library in the simulation is many tens of times
shorter than for the full simulation.

The Shower Library program is ready to use and facilitates considerably simulation of
large samples of events.
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Using the Shower Library, a first rough preliminary investigation of the possibility of
measuring the muon energies with the ice as a calorimeter medium has been carried out.
With a saturation in the PM tubes at a signal from about eight photoelectrons, a muon
energy resolution between ~ 40 %(1 TeV) and ~ 25 %(80 TeV) was achieved. A decrease
in the gain of the PM tubes by a factor of two is under consideration. This operation
mode was found to make the resolution slightly worse at higher energies (~30 % at 80
TeV). However, affirming these results requires more extensive studies.

In principle the Shower Library program can be used in any other simulation.
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