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4
HiSPARC equipment

4.1 HiSPARC hardware

The HiSPARC experiment is intended to study cosmic-rays by detecting extensive air showers,

for educational as well as scientific purposes. The HiSPARC project consists of a network of

over 100 detection stations positioned on the roofs of high schools or other buildings. Each

detector consists of a plastic scintillator of 100 cm× 50 cm×2 cm. The detection area therefore

is 0.5 m2. The scintillator is glued to a plastic ‘fishtail’ light guide. The narrow end of the

light guide is glued to a plastic connection socket which in turn is connected, with transparent

double-sided tape, to a photo multiplier tube (PMT). In Figure 4.1 a schematic impression of a

HiSPARC detector is shown.

Figure 4.1: Schematic detector layout: scintillator (white), light guide (gray) and PMT (black).

Most stations consists of two detectors, some of four. Each station is provided with a global

positioning system (GPS) receiver. The stations at the Science Park Amsterdam (SPA) cluster

have four detectors. Some stations have three detectors arranged at the corners of an equi-

lateral triangle with 10 m sides and with the fourth detector in the barycenter, see left side of

Figure 4.2. Other stations have the detectors arranged in a 60° diamond with 10 m sides, see

right side of Figure 4.2.
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Figure 4.2: Schematic layout for the triangle station (left) and the diamond station (right). The black
dot is the position of the GPS receiver.

The scintillator and the light guide are wrapped in silver foil and then in plastic pond liner.

Figure 4.3: Taping silver foil around a detector. Photo courtesy of A.P.L.S. de Laat.

The complete detector is placed in a ski-box on the roof of a building. After the connection with

a power and signal cable it is ready for use.

The scintillator consists of polyvinyltoluene (the base) doped with anthracene (the fluor). When

a charged particle passes the scintillator it will lose energy to the base by ionization. The ab-

sorbed energy will be re-emitted in the form of light. For a minimum ionizing particle (MIP) on

average 123 photoelectrons are detected at the PMT.
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Figure 4.4: Ski-boxes on the roof of a building at SPA. Photo courtesy of A.P.L.S. de Laat.

4.2 Data acquisition

A HiSPARC-II or HiSPARC-III unit supplies the high voltage for the PMT and acquires the

signal from the PMT. Each HiSPARC-II or HiSPARC-III unit controls two PMT’s. So, for four-

detector stations two units are required. One unit is connected to a GPS detector for time

stamping a PMT signal. The PMT signal is converted with a 4096 channel Analog Digital Con-

verter (ADC) to a digital value. The signal range is between +0.133 V and -2.222 V. This is

about 0.57 mV per ADC count. For a single MIP the modal pulse height is 220 ADC counts or

125 mV. A HiSPARC unit houses a 200 MHz digital clock. The HiSPARC units contain four

ADC’s, two for each channel. For each PMT the conversion occurs in the one channel on the

leading and in the second channel on the trailing edge of a clock pulse. In this way the two

ADC’s alternately sample every 5 ns, with a 2.5 ns offset between the two. The PMT signal in

each channel is therefore sampled with an effective frequency of 400 MHz. From the moment

the first particles of a cosmic air shower front strike a detector it takes, depending on the size

of the shower, hundreds of nanoseconds until the last particle has passed the scintillator. Be-

cause the effective sampling period of 2.5 ns is much smaller, the time evolution of the sampled

signal, the trace, more or less represents the shape of the shower front.

Every detector of a station can register a trace. A single trace, that is a trace in one of the

four detectors of a station, may be caused by a background muon which should not be stored.

As soon as two high signals of more than 70 mV or three signals larger than 30 mV are detected

in a station, the station is ‘triggered’ and the signals are considered to be due to an air shower

and registered as an ‘event’. About 99 % of the events are triggered by the ‘two high’ threshold.

The traces of detector 0 through 3 are usually colored black, red, green and blue respectively.

In Figure 4.5 an example is shown.
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Figure 4.5: Traces of an event with a signal in all four scintillator plates of SPA station 506 at 2015-07-28
00:00:17.
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Figure 4.6: Pulse height (left) and pulse integral (right) distributions for the four detectors 0 (black), 1
(red), 2 (green) and 3 (blue) of station 501. Data taken between 2014-09-12 00:00:00 and 2014-09-19
00:00:00. In the pulse height diagram the 70mV trigger level causes the vertical ‘jump’ at 125 ADC counts.
The part of the distribution left of the jump is caused by the small energy losses of gammas.
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Pulse height and pulse integral distributions for station 501 at SPA are shown in Figure 4.6.

The peak of the pulse height diagram is at about 240 ADC counts, which corresponds to 135 mV

PMT signal. The peak of the pulse integral distribution is in the neighborhood of 2800 ADC ns.

As will be shown further on the peak is related to the most probable energy loss of a single

particle, a so-called minimum ionizing particle (MIP). The pulse integral therefore is usually

expressed in units of MIP where 1 MIP corresponds to the pulse integral value of the peak of

the pulse integral distribution.

The whole process is controlled by a LabView program running on a personal computer dedi-

cated to a station. A Python monitor program controls the local storage as well as the transfer

of the data to the central data storage at Nikhef. There the data is adapted and made acces-

sible, for instance via the public database. The status of the HiSPARC stations is monitored

by a Nagios network control system [61]. In case of a malfunctioning detector or station, the

problems can be solved by the local user or remotely by the central HiSPARC administration.

Finally, some stations are equipped with a weather station supplying weather data like tem-

perature, air pressure and humidity. For these stations the weather data are also registered,

stored and sent to the central data storage.

4.3 HiSPARC software

For a quick look there is the HiSPARC Public Database [62]. It gives an overview of all the

stations, their names and numbers, the clusters they reside in. For each station it gives by day

an event histogram, pulse height histogram, pulse integral histogram and, if available, data

about the air pressure and temperature. It also gives, for each station, information of the actual

status and the history of PMT voltages, PMT currents, timing offsets and Global Positioning

System (GPS) positions. Also a coincidence histogram, for the full network, can be obtained

together with a histogram of the coincidence size, the number of stations participating in the

coincidence. Information on clusters, stations, plates, pulse heights, weather, etc., can also be

retrieved from the HiSPARC API [63]. Data of events can be downloaded and plotted directly

with HiSPARC data retrieval [64]. A user can choose the type of plot, the variables and a func-

tion with which to fit the data. The fits are based on linear regression. The fit equation, with

the numerical values for the coefficients and the correlation are given below the plot diagram.

As an example a histogram of the event rate for station 501 on an arbitrary day is shown in

Figure 4.7. The mean value of the event rate, 0.679 s−1, means that about 60 000 events are

registered for station 501 per day. As another example a scatter plot of pulse height versus

pulse integral is shown in Figure 4.8.
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Figure 4.7: Histogram of event rates between 2015-07-28 00:00 and 2015-07-29 00:00 for station 501 and
the fit results.

Figure 4.8: Scatter plot of pulse heights versus pulse integrals of events between 2013-08-28 00:00 and
2013-08-29 00:00 for the four detectors of station 501.
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Data of events and coincidences can be downloaded by means of a data download form re-

sulting in a CSV file [65]. Most important for data analysis is the Python package SAPPHiRE

[45]. It contains

Data download Events and coincidences from the event summary database.

Data analysis Reconstruction of directions and sizes of showers.

Simulations The response of stations to simulated showers.

For the simulations showers can be accessed which have been simulated without thinning

with CORSIKA-v7.4. The simulated particles hitting the ground can be thrown on a group

of stations. Each simulated shower is used multiple throws. To this end the configuration

of detectors is randomly translated and rotated, while the positions of the ground particles

are unaltered. For each throw detector signals are synthesized by drawing randomly from

an energy loss distribution for each charged lepton that passes a detector. The energy loss

distribution implemented in SAPPHiRE is described in the next sections.

4.4 Stopping power

When a charged particle passes through matter it will lose energy by collisions (ionization)

and by radiation (bremsstrahlung). The mean rate of energy loss is called the stopping power.

Since bremsstrahlung photons leave the scintillator without substantial interaction, we restrict

ourselves to the collisions. For electrons and muons incoming with velocity v the collision

stopping power is given by the Bethe-Bloch equation [66, 67]:

−〈dE
dx

〉 = K
2

Z
A

1
β2

[
ln

2mec2β2γ2Tmax

I2 +F −δ−C∗
]

, (4.1)

where E is the energy in MeV and x is the depth in g cm−2. Other parameters are the velocity

of light c, the relative velocity β= v
c , the relativistic factor γ= 1/

√
1−β2, the electron mass me,

the mean excitation energy I of the matter, the atomic number Z and the atomic mass A of the

matter. The constant K is given by

K = 4πNAr2
emec2 , (4.2)

where NA is Avogadro’s number and re is the classical electron radius in cm. Numerically

K ≈0.307 MeV cm2.

The stopping power is different for muons and electrons in that the quantity F and the maxi-
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mum kinetic energy transfer in one collision Tmax are different for muons and electrons:

F(γ)=


−2β2 , for µ±
1
γ2

(
1− (2γ−1)ln2+ (γ−1)2

8

)
, for e−

2ln2− β2

12

(
23+ 14

γ+1 + 10
(γ+1)2 + 4

(γ+1)3

)
, for e+ .

(4.3)

and

Tmax =


2mec2β2γ2

1+2γme/mµ+(me/mµ)2 ≈ 2mec2β2γ2

1+0.00964γ , for µ±

mec2(γ−1)
2 , for e± .

(4.4)

For γ> 10 the values of F are close to their limit values:

lim
γ→∞F(γ)=


−2 , for µ±
1
8 , for e−

2ln2− 23
12 , for e+ .

(4.5)

All the other parameters in the stopping power are identical for electrons and muons. The

density correction δ is given by

δ=


2ln(ħωp/I)+2lnβγ−1 , if βγ≥ 100

2ln(ħωp/I)+2lnβγ−1+δ∗ , if 1<βγ< 100

0 , if βγ≤ 1 ,

(4.6)

where ħωp is the plasma energy. The latter equation is similar to Sternheimer’s parameteriza-

tion [68]. For the factor δ∗ we apply

δ∗ ≈ 0.46 · (2− log10(βγ)
)2.8 , (4.7)

on the basis of scintillator data [69]. The plasma energy is given by

ħωp = 28.816 ·
√
ρ · 〈Z/A〉 , (4.8)

where ρ is the density of the material. Polyvinyltoluene molecules consists of carbon, C6
12,

and hydrogen, H1
1, atoms in the ratio 9:10. The corresponding values for Z and A then are

(9·6+10·1)/19≈ 3.37 and (9·12+10·1)/19≈ 6.21 respectively. The Z/A ratio for polyvinyltoluene

then equals 0.54. The mean Z/A ratio for polyvinyltoluene based scintillator material will be

close to it. Its precise value is 0.54141 [70]. Since the density of polyvinyltoluene is 1.03 g cm−3,

the plasma energy is 21.5 electronvolt. The mean excitation energy for polyvinyltoluene is

I = 64.7 eV [71]. With the substitution of these numerical values the density correction is
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approximately given by:

δ=


2lnβγ−3.2 , if βγ≥ 100

2lnβγ−3.2+0.0443 · (4.61− ln(βγ)
)2.8 , if 1<βγ< 100

0 , if βγ≤ 1 ,

(4.9)

The parameter C∗ is given by C∗ = 2C/Z, where C is the shell correction given by [67]:

C =
(

0.422377
(βγ)2 + 0.0304043

(βγ)4 − 0.00038106
(βγ)6

)
· I2

106

+
(

3.850190
(βγ)2 + 0.1667989

(βγ)4 − 0.00157955
(βγ)6

)
· I3

109 . (4.10)

For polyvinyltoluene this is

C ≈
(

0.0028
(βγ)2 + 0.000058

(βγ)4 − 0.0000020
(βγ)6

)
. (4.11)

For βγ> 0.2 the shell correction is practically equal to 0.0028 · (βγ)−2. For βγ> 1 it is already

of negligible order.

In Figure 4.9 the stopping power is plotted against βγ.
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Figure 4.9: Collision stopping power for electrons and muons in polyvinyltoluene according to the Bethe-
Bloch equation.

The radiation (bremsstrahlung) stopping power is not shown in Figure 4.9. The total stopping

power is practically equal to the collision stopping power for βγ < 10. For βγ > 10 the total

stopping power increases with respect to the collision stopping power because of the increas-
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ing radiation stopping power. Since the bremstrahlung photons leave the scintillator without

substantial interaction, the curves in Figure 4.9 represent the actual average energy deposit in

the scintillator. Values for the stopping power for polyvinyltoluene, including bremstrahlung

for highly relativistic energies, have been tabulated [72].

The curves in Figure 4.9 are mean energy losses. The energy losses are distributed and the

most probable energy losses are smaller than the mean energy losses.

4.5 Energy loss distribution

The mean energy loss is the stopping power times the travelled depth x0 in g cm−2:

∆̄=−〈dE
dx

〉x0 = ξ
[
ln

2mec2β2γ2Tmax

I2 +F −δ−C∗
]

, (4.12)

where ξ in MeV is given by

ξ= K
2

Z
A

1
β2 x0 . (4.13)

For vertical electrons and muons passing a scintillator plate with thickness 2 cm and density

1.03 g cm−3 the depth is x0 = 2.06gcm−2. For β→ 1 the parameter ξ obtains its asymptotic value

0.171 MeV. Of importance is the distribution of energy losses. The description of ionization

fluctuations is characterized by the significance parameter κ [73]:

κ= ξ

Tmax
. (4.14)

In different domains the fluctuations in the energy losses are described by different ‘straggling’

functions. Usually three domains are distinguished. For κ> 10 there is a Gaussian distribution

of energy losses [74]. This domain does not occur in scintillators with thickness of 2 cm. For

0.01 < κ< 10 the straggling is described by the Vavilov function [75]. For κ< 0.01 the Landau

distribution is of application [76]. In HiSPARC scintillators the value κ = 0.01 corresponds to

the value βγ = 68 for incoming electrons and to the value βγ = 4.3 for incoming muons. This

corresponds to an energy of 35 MeV for electrons and of 0.47 GeV for muons. In Figure 4.10

the cumulative fractions of βγ are shown for electrons and muons at sea level in a simulated

shower. For the 1015 eV shower the number of electrons and muons is 6.3 ·104 and 1.5 ·104

respectively. For the 1016 eV shower the number of electrons and muons is 7.5 ·105 and 7.8 ·104

respectively. Despite the differences in number the cumulative fractions are practical identical.

Since the muons among the groundparticles almost all have βγ> 4.3 the Landau distribution

is applicable to them. About 50 % of the electrons among the ground particles have βγ > 68

for which a Landau distribution holds. For the electrons with 8<βγ< 68 the energy losses are

described by the Vavilov distribution [75]. From inspection by means of the Vavilov distribution
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it is found that the energy loss distribution for electrons with 8<βγ< 68 slightly deviates from

the Landau distribution, the deviation being smaller for larger βγ. For the Monte Carlo we

accept a small deviation in a small percentage of electrons and describe all energy losses with

a Landau distribution.
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Figure 4.10: Distribution of the βγ values at sea level for electrons (red) and muons (green) for a vertical
1015 eV shower (left) and 1016 eV shower (right) with zenith angle 15°.

The Landau probability distribution of energy losses ∆ in MeV is given by

f (∆)= 1
ξ
φ(λ) , (4.15)

where φ is the universal Landau function. Its argument λ is related to ∆ as follows [77]:

λ= ∆− ∆̄
ξ

− ln
(

ξ

Tmax

)
−β2 −1+CE , (4.16)

where CE is the Euler-Mascheroni constant, CE ≈ 0.577. By means of Equation 4.1 the expres-

sion for λ can also be written in the form

λ= ∆
ξ
− ln

2mec2β2γ2ξ

I2 −1+CE −β2 −F +δ . (4.17)

The Landau probability density function φ(λ) has a maximum for λ ≈ −0.223 [78]. The corre-

sponding value for the most probable energy loss, ∆p, then follows from Equation 4.17:

∆p = ξ
(
ln

2mec2β2γ2ξ

I2 +0.200+F +β2 −δ
)

. (4.18)
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With the substitution of F =−2β2 for muons the latter expression reduces to its familiar form

[48]:

∆p = ξ
(
ln

2mec2β2γ2ξ

I2 +0.200−β2 −δ
)

, (4.19)

Substituting the asymptotic values and approximating β by 1, we obtain the following relation

between λ and the energy loss ∆:

λ=


5.85∆−20.18 , for µ±

5.85∆−22.29 , for e−

5.85∆−21.65 , for e+ .

(4.20)

For the most probable energy loss we obtain:

∆p =


3.41 MeV , for µ±

3.77 MeV , for e−

3.66 MeV , for e+ .

(4.21)

The original expression for the Landau probability density function φ is the following complex

integral [76]

φ(λ)= 1
2πi

∫ σ+i∞

σ−i∞
eu(λ+lnu) du , σ≥ 0 . (4.22)

It can be transformed into real integral representations each of which suffers from bad con-

vergence due to oscillations in certain domains of λ [79]. For λ> 0 we have used the following

integral [79]:

φ(λ)= 1
π

∫ ∞

0
e−u(λ+lnu) sin(πu)du . (4.23)

For λ< 0 we have used [77]:

φ(λ)= 1
π

∫ ∞

0
e(−πu/2) cos(u(λ+ lnu)) du . (4.24)

By means of the latter two expressions the energy loss distribution for vertical incidence is

plotted in Figure 4.11.

As required for a probability function the area under the Landau probability density curve

is equal to unity. The corresponding Landau distribution, the cumulative probability, can be

approximated by means of asymptotic series expansions [78]. However, the Landau probability

density function has no mean and therefore also no variance. A mean value for the energy loss

is obtained if the total energy loss is limited to a maximum: ∆max [73].

For highly asymmetric distributions like the Landau distribution one usually describes them

with the most probable energy and the full width of half maximum (FWHM) of the distribution.
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Figure 4.11: Energy loss distribution for vertical electrons and muons for κ < 0.01.

There are several contributions to the width of the distribution of PMT signals. Approximat-

ing the peak of a distribution by a Gauss distribution, the different contributions to the width

can be ‘added’ in the same way as is done for normal distributions: σ =
√
σ2

1 +σ2
2 + ... . While

we keep track of contributions to the width of a distribution, we will translate it each time to

the σ of a Gaussian curve. For a Gauss curve the FWHM is about 2.35 times σ. To translate

the FWHM of a distribution to a Gauss curve with µ = 1MIP, it is convenient to consider the

relative width w, which is the ratio between the FWHM and the most probable energy loss.

Simulating signals independent of the particles identity, leads to an estimated FWHM of 0.9.

For the relative width we obtain w ≈ 0.24. For a Gauss curve with µ= 1 this is σ∆ = 0.1.

4.6 The direction of the incident particle

So far, only vertical electrons and muons were considered. For vertical electrons and muons the

traveling distance through a scintillator plate with thickness 2 cm and density ρ =1.03 g cm−3

is x0 =2.06 g cm−2. For a non zero angle of incidence the traveling distance changes accordingly:

x = x0/cosθ. As a consequence ξ, ∆̄ and κ will increase with θ. The energy loss distribution for

muons with βγ≥ 100 is shown in Figure 4.12 for three different values of θ. Similar plots hold

for the electrons. For increasing angles of incidence the peak is shifted towards larger values

and the peak is broadened. Clearly the distribution depends on θ in a way that cannot be ne-

glected. A zenith dependent energy loss is therefore applied in the simulations.
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Figure 4.12: Energy loss distributions for muons for three different angles of incidence.

For an estimate of the spread of the signal distribution we mention that a non-zero angle

of incidence broadens it for two reasons. The first is the zenith angle of the shower. Assuming

the zenith angles to be distributed as [80]

N(θ)∝ sinθ cosn(θ) , (4.25)

where n ≈ 7.5, the angles of half the maximum of this distribution are at θ ≈ 6° and θ ≈ 38° cor-

responding to cosθ ≈ 0.99 and cosθ ≈ 0.80 respectively. The corresponding values of ξ ranges

between 0.17 and 0.22 MeV. The zenith distribution obtains its maximum for θ ≈ 22°, corre-

sponding to ξ= .18. Since the height of the peak goes as cosθ and the width as secθ, this leads

to an additional spread of the pulse integral diagram of about w ≈ 0.05/0.18= 0.28 or σz ≈ 0.12.

The second is the angle of incidence of particles within the shower. For a 1 PeV shower with

zenith angle 22.5° the distribution of zenith angles of individual electrons and muons is shown

in Figure 4.13. The width of the distribution in Figure 4.13 is about 0.1 rad; it leads to an ad-

ditional spread in secθ: w ≈ 0.14 or σθ ≈ .06. The final width is given by the convolution of the

energy loss distribution, the zenith angle distribution and the individual direction distribution:

σ=
√
σ2
∆+σ2

z +σ2
θ
=
p

0.12 +0.122 +0.062 ≈ 0.17.
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Figure 4.13: The distribution of zenith angles θ of individual electrons and muons for a 1 PeV shower with
zenith angle 22.5°.

4.7 Efficiency

The production of one scintillation photon requires about 100 eV [81]. For an energyloss peak

around 3.6 MeV this corresponds to 36 000 photons. About 28 % of them, about 10 000 photons,

enter the fish tail shaped light guide. The area of the mutual surface of the scintillator and

the fish tail is 50 ·2 =100 cm2. The area of the opening window of the PMT is 4.4 cm2. Based

on this area the number of photons that will enter the PMT is estimated to be around 440

or 1.2 % of the photons we started with. An estimate of the average transmission efficiency

therefore is 1.2 %. In the PMT the 440 photons will give rise to about 123 photo-electrons,

because the quantum efficiency is 28 %. Poisson statistics for large numbers predict a spread

σPMT =p
N/N ≈ 0.09. As a consequence the spread in the pulse integral diagram increases to

σ=
√
σ2
∆+σ2

z +σ2
θ
+σ2

PMT ≈ 0.19. The 440 photons which enter the PMT are an estimate.

The probability for a scintillation photon to reach the PMT depends on the position of en-

trance of the incident particle [82]. For 1250 positions the efficiency has been simulated [83].

The transmission efficiency has been experimentally verified [84]. The simulation resulted in a

distribution for the number of photons arriving at the PMT, shown in Figure 4.14. A Gaussian

fit of the distribution in Figure 4.14 yields µ = 425 and σ = 93. The relative spread then is

ση = 0.22 corresponding to a FWHM of 0.52 [81, 83]. This increases the spread in the pulse-

integral diagram: σ=
√
σ2
∆+σ2

z +σ2
θ
+σ2

PMT +σ2
η ≈ 0.3. This result is in agreement with actual

pulse height and pulse integral diagrams.
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Figure 4.14: Distribution of number of photons which arrive at the PMT and a fit with a Gaussian curve
(dashed orange).

4.8 Convolution

A convolution of the energy loss distribution, the quantum efficiency and the transmission ef-

ficiency is obtained as follows. The fraction of muons, electrons and positrons in a shower is

roughly 20 %, 50 % and 30 %. Therefore a list of 10 000 energy losses is made of which 2000,

5000 and 3000 correspond to the distribution of the muon, electron and positron respectively.
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Figure 4.15: Distribution of the convoluted signal and a piecewise linear approximation (dashed orange)
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The most probable value of the energy loss is estimated by taking the weighted average of

the most probable values for muons, electrons and positrons with the weights in the ratio

0.2 : 0.5 : 0.3. The result is 3.67 MeV. The most probable value for the number of photons

reaching the PMT is 425. By dividing the energy losses and photon numbers by 3.67 and 425

respectively, the distributions are normalized such that their most probable values become

equal to unity. The unit being a vertical equivalent MIP. A Monte Carlo method is used to

determine the full signal response. The result for 100 000 samples is shown in Figure 4.15.

Approximately the distribution in Figure 4.15 is piecewise linear. The linear decomposition

of the distribution can be described as

y(x)= 0 ; if 0< x < 0.48

y(x)= c1(x−0.48)/(0.98−0.48) ; if 0.48≤ x < 0.98

y(x)= c2 ; if 0.98≤ x < 1.05

y(x)= c3(x−1.05)/(1.62−1.05) ; if 1.05≤ x < 1.62

y(x)= c4(x−1.62)/(2.28−1.62) ; if 1.62≤ x ≤ 2.28

y(x)= 0 ; if x > 2.28 ,

(4.26)

where the ci are numerical constants. The probability distribution of the signal explicitly

reads:

f (x)=



0 ; if 0< x < 0.48

−1.30327+2.71514x ; if 0.48≤ x < 0.98

1.35757 ; if 0.98≤ x < 1.05

3.32319−1.87202x ; if 1.05≤ x < 1.62

1.00361−0.44018x ; if 1.62≤ x ≤ 2.28

0 ; if x > 2.28 .

(4.27)

The corresponding cumulative probability distribution:

F(x)=



0 ; if 0< x < 0.48

0.312785−1.30327x+1.35757x2 ; if 0.48≤ x < 0.98

−0.991028+1.35757x ; if 0.98≤ x < 1.05

−2.02298+3.32319x−0.93601x2 ; if 1.05≤ x < 1.62

−0.144118+1.00361x−0.22009x2 ; if 1.62≤ x ≤ 2.28

1 ; if x > 2.28 .

(4.28)

is shown in Figure 4.16.

The linear decomposition is advantageous for the Monte Carlo since the cumulative proba-

bility distribution is an analytic invertible function. For each particle passing a detector the

signal is simulated by taking a random number R between 0 and 1, and convert it to a signal
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Figure 4.16: Cumulative probability of signals.

x in MIP by means of the inverse of F(x). To be specific,

x =


0.48+0.8583

p
R , if 0<R ≤ 0.3394

0.73+0.7366R , if 0.3394<R ≤ 0.4344

1.7752−1.0336
p

0.9267−R , if 0.4344<R ≤ 0.9041

2.28−2.1316
p

1−R , if 0.9041<R < 1 .

(4.29)

The latter expression holds for the case of vertical incidence. The situation changes for non

zero angles of incidence. Then

ξ= 0.171
cosθ

MeV . (4.30)

The angle of incidence is obtained from the momentum of the particle:

secθ = p
pz

. (4.31)

As a consequence the Equation 4.29 is transformed to

x =


(0.48+0.8583

p
R )secθ , if 0<R ≤ 0.3394

(0.73+0.7366R )secθ , if 0.3394<R ≤ 0.4344

(1.7752−1.0336
p

0.9267−R )secθ , if 0.4344<R ≤ 0.9041

(2.28−2.1316
p

1−R )secθ , if 0.9041<R < 1 .

(4.32)
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To get an impression of different contributions to the pulse-integral diagram, and to check

the foregoing implementation, a small simulation is conducted: 1 PeV showers with different

zenith angles and different energies (drawn from the energy spectrum) are randomly thrown

on a station with diamond configuration of four detectors. For the events caused by the showers

the particle density at a detector is obtained from a NKG function and via Poisson statistics

translated to an integer number of particles. The latter is converted to a signal as described

above. In this way the distribution of the signal is obtained for each integer number of parti-

cles. The result of 1 million throws is shown in Figure 4.17.
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Figure 4.17: Simulated distribution of the detector signals caused by an integer number of particles. The
overall distribution (black) shows a ‘second peak’.

The main peak is caused by single particle signals. Its width is equal to the expected value

w = 0.7. The overall distribution is a little wider because of the 2-particle contribution. The

overall distribution is comparable to the observed pulse integral diagram in Figure 4.6.

For vertical incidence 1 MIP corresponds to 3.67 MeV. In the diagram the peak position is

larger since we simulated with different zenith angles. The peak is therefore larger by a factor

1.07, thus at 3.9 MeV. That is about 15 % larger than the vertical muon peak at 3.41 MeV. In

summary, the MIP peak is at about 7 % larger energy than the peak for vertical particles which

is on its turn 8 % larger than the vertical muon MIP.
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4.9 PMT non-linearity

For large signals the response of a PMT lags behind the ideal response because of saturation

[85]. The non-linear response for the type of PMT used for HiSPARC has been measured [86].

For the non-linear relation the following equation is considered:

I0 = I +aIb , (4.33)

where I0 would be the ideal pulse integral for a linear PMT and where I is the pulse integral

for a non-linear PMT. As usual the pulse integral is expressed in MIPs.The fit resulted in

a = 3.876 ·10−5 and b = 3.871. The data points and the fit equation are shown in fig. 4.18.
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Figure 4.18: The non-linear PMT response (circles) and the fit function (black). The dashed line expresses
the ideal linear PMT response.

For shower core reconstructions the detector signals are corrected for the PMT non-linearity.


