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LOPES  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Fig. 1. Outline of the LOPES hardware. The signal is picked up by the
antenna, sent via a coaxial cable to the receiver module, digitized and sent to
the memory module. From there it can be read out by the front-end PC and
transmitted to the central data acquisition PC. The clock signals are generated
by the master clock module and, together with the sync-signal, sent to the
slave modules for further distribution.

ray measurements. LOPES is set up at the site of KASCADE-
Grande an existing air shower array.

In this paper the hardware, configuration, calibration, and
the analysis software of LOPES is presented. A more detailed
description of LOPES can be found in [2], details about the
Self Trigger Array LOPES-STAR can be found in [3].

II. EXPERIMENTAL SETUP

A. The Hardware of LOPES

LOPES operates in the frequency range of 40 MHz to
80 MHz. This is a band with relatively little RFI in between
the short-wave- and the FM-band. Additionally this frequency
range is low enough that the emission from air showers is
strong, but not so low that the background emission from the
Galactic plane is too strong.

Although we chose a relatively quiet frequency band
LOPES still has to deal with significant RFI (see fig. 8). But
LOPES must also be able to detect faint radio pulses from
air showers. This leads to two design goals for the hardware.
The first is that the noise added by the hardware should be
less than the background noise from the sky. As the average
sky temperature in our frequency band ranges from 2000 K at
80 MHz to ∼10000 K at 40 MHz this goal is relatively easy to
meet. The second goal is that the dynamic range of the system
has to be large enough to handle both the RFI and the small
signals, i.e. distortions of the signal caused by the RFI in our
electronics should be also less than the background noise. This
puts a significant restriction on the kind of ADCs we can use,
i.e. we cannot use 8-bit ADCs. The availability of ADCs with
a sufficient dynamic range limited the bandwidth to 40 MHz
and thus prevented us from using the range between 40 MHz
and the short-wave-band.

The outline of the hardware used for LOPES can be seen in
figure 1. It samples the radio frequency signal after minimal
analog treatment without the use of a local oscillator.

1) Antenna: The antennas for LOPES are short dipole
antennas with an “inverted V” shape. One of the LOPES
antennas at the KASCADE-Grande site is shown in figure 2.
The visible parts are commercial PVC pipes holding the active
parts in place, while being transparent to the radiation. The

Fig. 2. One of the LOPES antennas at the KASCADE-Grande site. The
active balun resides inside the container at the top of the antenna. The radiator
consists of cables in two opposing edges of the pyramid. By choosing the
east-west or north-south edges our antenna is sensitive to the east-west resp.
north-south polarized component of the radiation.

Fig. 3. Gain pattern of a single LOPES antenna [4]. The vertical direction
(azimuth = 0◦ or = 180◦) is the direction perpendicular to the dipole, the
horizontal direction is the one parallel to the dipole. The contours (dashed
lines) are at the 50% and 10% levels.

radiator consists of two copper cables extending from the top
down two thirds of two opposing edges of the pyramid. The
PVC exterior of the antenna resides on an aluminum pedestal.
This acts as a ground screen and protects the antenna from
being damaged by lawn mowers.

This geometry determines the antenna pattern of the sin-
gle antenna. The pattern, as obtained from simulations [4],
is shown in figure 3. The half power beam width of the
antenna ranges from ∼ 85◦ in the direction parallel to the
dipole (E-plane) to ∼ 130◦ in the direction perpendicular to
the dipole (H-plane). The four edges can be used for two
orthogonal linear polarizations of the signal. If one measures
both polarization directions one can do full polarimetry of the
signal.

Inside the container at the top resides the active balun.
Its main functions are balanced to unbalanced conversion,
amplification of the signal and transformation of the antenna
impedance to the 50Ω impedance of the cable. The amplifier
is a negative feedback amplifier, with a passive feedback net-
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30 - 80 MHz
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van Haarlem et al. : LOFAR: The Low-Frequency Array

Fig. 1. Aerial photograph of the Superterp, the heart of the LOFAR core, from August 2011. The large circular island encompasses the six core
stations that make up the Superterp. Three additional LOFAR core stations are visible in the upper right and lower left of the image. Each of these
core stations includes a field of 96 low-band antennas and two sub-stations of 24 high-band antenna tiles each.

low-frequency radio domain below a few hundred MHz, repre-
senting the lowest frequency extreme of the accessible spectrum.

Since the discovery of radio emission from the Milky Way
(Jansky 1933), now 80 years ago, radio astronomy has made a
continuous stream of fundamental contributions to astronomy.
Following the first large-sky surveys in Cambridge, yielding the
3C and 4C catalogs (Edge et al. 1959; Bennett 1962; Pilkington
& Scott 1965; Gower et al. 1967) containing hundreds to thou-
sands of radio sources, radio astronomy has blossomed. Crucial
events in those early years were the identifications of the newly
discovered radio sources in the optical waveband. Radio astro-
metric techniques, made possible through both interferometric
and lunar occultation techniques, led to the systematic classifi-
cation of many types of radio sources: Galactic supernova rem-
nants (such as the Crab Nebula and Cassiopeia A), normal galax-
ies (M31), powerful radio galaxies (Cygnus A), and quasars
(3C48 and 3C273).

During this same time period, our understanding of the phys-
ical processes responsible for the radio emission also progressed
rapidly. The discovery of powerful very low-frequency coherent
cyclotron radio emission from Jupiter (Burke & Franklin 1955)
and the nature of radio galaxies and quasars in the late 1950s was
rapidly followed by such fundamental discoveries as the Cosmic
Microwave Background (Penzias & Wilson 1965), pulsars (Bell
& Hewish 1967), and apparent superluminal motion in compact
extragalactic radio sources by the 1970s (Whitney et al. 1971).

Although the first two decades of radio astronomy were
dominated by observations below a few hundred MHz, the pre-
diction and subsequent detection of the 21cm line of hydrogen at
1420 MHz (van de Hulst 1945; Ewen & Purcell 1951), as well
as the quest for higher angular resolution, shifted attention to
higher frequencies. This shift toward higher frequencies was also
driven in part by developments in receiver technology, interfer-
ometry, aperture synthesis, continental and intercontinental very
long baseline interferometry (VLBI). Between 1970 and 2000,
discoveries in radio astronomy were indeed dominated by the
higher frequencies using aperture synthesis arrays in Cambridge,
Westerbork, the VLA, MERLIN, ATCA and the GMRT in India
as well as large monolithic dishes at Parkes, E�elsberg, Arecibo,
Green Bank, Jodrell Bank, and Nançay.

By the mid 1980s to early 1990s, however, several factors
combined to cause a renewed interest in low-frequency radio as-
tronomy. Scientifically, the realization that many sources have
inverted radio spectra due to synchrotron self-absorption or free-
free absorption as well as the detection of (ultra-) steep spectra
in pulsars and high redshift radio galaxies highlighted the need
for data at lower frequencies. Further impetus for low-frequency
radio data came from early results from Clark Lake (Erickson &
Fisher 1974; Kassim 1988), the Cambridge sky surveys at 151
MHz, and the 74 MHz receiver system at the VLA (Kassim et al.
1993, 2007). In this same period, a number of arrays were con-
structed around the world to explore the sky at frequencies well
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The LOFAR Antennas 17

Figure 3.5: Schematic view of the LBA. The pillar is shown in the middle with the LNA
on top of it. The dipole wires are located to the right and left of the LBA.
Figure taken from [62].

LNA

Output

LBA

Figure 3.6: Simplified equivalent circuit of the LBA together with the electronics. The
LNA works as an operational amplifier.

One polarization of the antenna goes from North-East to South-West, while the other is
aligned from North-West to South-East. The omnidirectional response, that is provided
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30 Absolute Gain Calibration

Figure 5.1: Left: Biconical antenna used for the calibration measurements. Right: Oc-
tocopter with the transmitting antenna mounted below.

biconical antenna is listed in Table 5.1. The intermediate values are calculated with a
polynomial interpolation.

Table 5.1: Frequency-dependent isotropic gain of the biconical antenna in the measured
frequency range [57].

Frequency f [MHz] Isotropic gain [dBi]

30 -32.41
35 -30.55
40 -28.64
45 -26.65
50 -24.79
55 -23.10
60 -21.60
65 -20.36
70 -19.06
75 -17.81
80 -16.74
85 -15.68
90 -14.68
95 -13.82
100 -12.97
105 -11.57
110 -11.00

32 Absolute Gain Calibration

Calibration Loop
of Network Ana-
lyser

Vector Network Analyser

·

✓

LBA - receiving
antenna

BBOC 9217 - transmit-
ting antenna

Flight path

Bias Tee
24 m

60 m
Amplifier

12 V DC

6 V DC

r

Figure 5.3: Set-up to measure the horizontal gain. The grey half circle denotes the path
of the transmitting antenna. The angle ✓ highlights the zenith angle of the
transmitting antenna with respect to the LBA. The black dashed-dotted
line indicates the cable connection between the LBA and the amplifier used
for the calibration of the network analyser. Modified figure from [41].

analyser has a systematic error of the gain of 0.6 dBi.
The transmitting antenna has to be located above the LBA. This is done with an
octocopter where the antenna is mounted below. The flight time of the octocopter
depends strongly on the overall mass of the octocopter. The heavier the payload, the
shorter the flight time. Therefore, a low-mass transmitting antenna like the BBOC 0217
biconical antenna is well suited for the calibration campaign. A view of the octocopter
with the antenna mount and transmitting antenna is shown in the right photograph of
Figure 5.1. A detailed description of the octocopter including the electronic set-up can
be found in [41].
The measurements are done in the far-field region at a distance of about 50 m which
is also the case for the time calibration of the LOFAR system. The required minimum
distance within the LBA operation bandwidth from 30� 80 MHz arises from equation
4.2

r � 2D2
bic

�
⇡ 4 m. (5.2)

Consequently, the far-field approximations are valid for the measurements. The octo-

Calibration of the LOFAR Antennas

by
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44 Absolute Gain Calibration

Figure 5.12: Measurements of the horizontal gain of the outer LBA as a function of
zenith angle for di↵erent frequencies. The error bars indicate the sys-
tematic uncertainty caused by the frequency analyser and the biconical
antenna. The statistical errors are small compared to the systematic ones.
The error bars of the zenith angle are smaller than the marker size.

Absolute Horizontal Gain 47

data are a capacitor C of 15 pF and a resistor of 700 ⌦ with a resonance frequency of
(59± 1) MHz.

Figure 5.14: Comparison of the simulated gain as a function of frequency for di↵erent
resistors and a fixed capacitor.

Figure 5.15: Comparison of the simulated gain as a function of frequency for di↵erent
capacitors and a fixed resistor.

Additionally, the behaviour of the LOFAR antenna for di↵erent ground conditions is
examined. Table 5.3 gives the values of the permittivity and the conductivity which
represent the ground conditions simulated with WIPL-D.
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van Haarlem et al. : LOFAR: The Low-Frequency Array

Fig. 1. Aerial photograph of the Superterp, the heart of the LOFAR core, from August 2011. The large circular island encompasses the six core
stations that make up the Superterp. Three additional LOFAR core stations are visible in the upper right and lower left of the image. Each of these
core stations includes a field of 96 low-band antennas and two sub-stations of 24 high-band antenna tiles each.

low-frequency radio domain below a few hundred MHz, repre-
senting the lowest frequency extreme of the accessible spectrum.

Since the discovery of radio emission from the Milky Way
(Jansky 1933), now 80 years ago, radio astronomy has made a
continuous stream of fundamental contributions to astronomy.
Following the first large-sky surveys in Cambridge, yielding the
3C and 4C catalogs (Edge et al. 1959; Bennett 1962; Pilkington
& Scott 1965; Gower et al. 1967) containing hundreds to thou-
sands of radio sources, radio astronomy has blossomed. Crucial
events in those early years were the identifications of the newly
discovered radio sources in the optical waveband. Radio astro-
metric techniques, made possible through both interferometric
and lunar occultation techniques, led to the systematic classifi-
cation of many types of radio sources: Galactic supernova rem-
nants (such as the Crab Nebula and Cassiopeia A), normal galax-
ies (M31), powerful radio galaxies (Cygnus A), and quasars
(3C48 and 3C273).

During this same time period, our understanding of the phys-
ical processes responsible for the radio emission also progressed
rapidly. The discovery of powerful very low-frequency coherent
cyclotron radio emission from Jupiter (Burke & Franklin 1955)
and the nature of radio galaxies and quasars in the late 1950s was
rapidly followed by such fundamental discoveries as the Cosmic
Microwave Background (Penzias & Wilson 1965), pulsars (Bell
& Hewish 1967), and apparent superluminal motion in compact
extragalactic radio sources by the 1970s (Whitney et al. 1971).

Although the first two decades of radio astronomy were
dominated by observations below a few hundred MHz, the pre-
diction and subsequent detection of the 21cm line of hydrogen at
1420 MHz (van de Hulst 1945; Ewen & Purcell 1951), as well
as the quest for higher angular resolution, shifted attention to
higher frequencies. This shift toward higher frequencies was also
driven in part by developments in receiver technology, interfer-
ometry, aperture synthesis, continental and intercontinental very
long baseline interferometry (VLBI). Between 1970 and 2000,
discoveries in radio astronomy were indeed dominated by the
higher frequencies using aperture synthesis arrays in Cambridge,
Westerbork, the VLA, MERLIN, ATCA and the GMRT in India
as well as large monolithic dishes at Parkes, E�elsberg, Arecibo,
Green Bank, Jodrell Bank, and Nançay.

By the mid 1980s to early 1990s, however, several factors
combined to cause a renewed interest in low-frequency radio as-
tronomy. Scientifically, the realization that many sources have
inverted radio spectra due to synchrotron self-absorption or free-
free absorption as well as the detection of (ultra-) steep spectra
in pulsars and high redshift radio galaxies highlighted the need
for data at lower frequencies. Further impetus for low-frequency
radio data came from early results from Clark Lake (Erickson &
Fisher 1974; Kassim 1988), the Cambridge sky surveys at 151
MHz, and the 74 MHz receiver system at the VLA (Kassim et al.
1993, 2007). In this same period, a number of arrays were con-
structed around the world to explore the sky at frequencies well
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Fig. 1. Layout of AERA at the Pierre Auger Observatory and the dense core of LOFAR – drawn to scale.

with an array of 1660 water-Čerenkov detectors and 27 fluorescence telescopes at four locations on
the periphery. The area near the Coihueco fluorescence detector contains a number of low-energy en-
hancements, including AERA. AERA is located in a region with a higher density of water Čerenkov
detectors (on a 750 m grid) and within the field of view of HEAT [13], allowing for the calibration
of the radio signal using super-hybrid air shower measurements, i.e. recording simultaneously the
fluorescence light, the particles at the ground, and the radio emission from extensive air showers.

Since March 2015 AERA consists of 153 autonomous radio detection stations, distributed with
di↵erent spacings, ranging from 150 m in the dense core up to 750 m, covering an area of about
17 km2. Di↵erent types of antennas are used, including logarithmic periodic dipoles and butterfly
antennas, covering the frequency range from 30 to 80 MHz [14, 15].

3. Precision measurement of the radio emission in air showers

LOFAR combines a high antenna density and a fast sampling of the measured voltage traces in
each antenna. This yields very detailed information for each measured air shower and the properties
of the radio emission have been measured with high precision. At the Pierre Auger Observatory
air showers are measured simultaneously with various detector systems: radio detectors, fluorescence
light telecopes, water Čerenkov detectors, and underground muon detectors. This unique combination
yields complementary information about the showers and allows to investigate correlations between
the various shower components. Some important aspects of radio emission in air showers are reviewd
in the following. We focus on radio emission in the frequency range 30 � 80 MHz, only one result
(Fig. 3 right) deals with higher frequencies.
Lateral distribution function of the radio signals The footprint of the radio emission recorded at
ground level is not rotationally symmetric [16,18,19], such as e.g. the particle content of a shower, see
Fig. 2 (left). Radio emission is generated through interactions with the Earth magnetic field, which
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with an array of 1660 water-Čerenkov detectors and 27 fluorescence telescopes at four locations on
the periphery. The area near the Coihueco fluorescence detector contains a number of low-energy en-
hancements, including AERA. AERA is located in a region with a higher density of water Čerenkov
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di↵erent spacings, ranging from 150 m in the dense core up to 750 m, covering an area of about
17 km2. Di↵erent types of antennas are used, including logarithmic periodic dipoles and butterfly
antennas, covering the frequency range from 30 to 80 MHz [14, 15].

3. Precision measurement of the radio emission in air showers

LOFAR combines a high antenna density and a fast sampling of the measured voltage traces in
each antenna. This yields very detailed information for each measured air shower and the properties
of the radio emission have been measured with high precision. At the Pierre Auger Observatory
air showers are measured simultaneously with various detector systems: radio detectors, fluorescence
light telecopes, water Čerenkov detectors, and underground muon detectors. This unique combination
yields complementary information about the showers and allows to investigate correlations between
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(Fig. 3 right) deals with higher frequencies.
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of the radio signal using super-hybrid air shower measurements, i.e. recording simultaneously the
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di↵erent spacings, ranging from 150 m in the dense core up to 750 m, covering an area of about
17 km2. Di↵erent types of antennas are used, including logarithmic periodic dipoles and butterfly
antennas, covering the frequency range from 30 to 80 MHz [14, 15].

3. Precision measurement of the radio emission in air showers

LOFAR combines a high antenna density and a fast sampling of the measured voltage traces in
each antenna. This yields very detailed information for each measured air shower and the properties
of the radio emission have been measured with high precision. At the Pierre Auger Observatory
air showers are measured simultaneously with various detector systems: radio detectors, fluorescence
light telecopes, water Čerenkov detectors, and underground muon detectors. This unique combination
yields complementary information about the showers and allows to investigate correlations between
the various shower components. Some important aspects of radio emission in air showers are reviewd
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(Fig. 3 right) deals with higher frequencies.
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with an array of 1660 water-Čerenkov detectors and 27 fluorescence telescopes at four locations on
the periphery. The area near the Coihueco fluorescence detector contains a number of low-energy en-
hancements, including AERA. AERA is located in a region with a higher density of water Čerenkov
detectors (on a 750 m grid) and within the field of view of HEAT [13], allowing for the calibration
of the radio signal using super-hybrid air shower measurements, i.e. recording simultaneously the
fluorescence light, the particles at the ground, and the radio emission from extensive air showers.

Since March 2015 AERA consists of 153 autonomous radio detection stations, distributed with
di↵erent spacings, ranging from 150 m in the dense core up to 750 m, covering an area of about
17 km2. Di↵erent types of antennas are used, including logarithmic periodic dipoles and butterfly
antennas, covering the frequency range from 30 to 80 MHz [14, 15].

3. Precision measurement of the radio emission in air showers

LOFAR combines a high antenna density and a fast sampling of the measured voltage traces in
each antenna. This yields very detailed information for each measured air shower and the properties
of the radio emission have been measured with high precision. At the Pierre Auger Observatory
air showers are measured simultaneously with various detector systems: radio detectors, fluorescence
light telecopes, water Čerenkov detectors, and underground muon detectors. This unique combination
yields complementary information about the showers and allows to investigate correlations between
the various shower components. Some important aspects of radio emission in air showers are reviewd
in the following. We focus on radio emission in the frequency range 30 � 80 MHz, only one result
(Fig. 3 right) deals with higher frequencies.
Lateral distribution function of the radio signals The footprint of the radio emission recorded at
ground level is not rotationally symmetric [16,18,19], such as e.g. the particle content of a shower, see
Fig. 2 (left). Radio emission is generated through interactions with the Earth magnetic field, which

2

DAQ (@CO)
Co comms tower

T3 -->
<-- T2
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Auger Engineering Radio Array
AERA

antenna:
LPDA

communication
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GPS
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pre-amplifier
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layout
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dense core

with fiber read-
out



Jörg R. Hörandel, Astronomical Instrumentation 2020/21 �17

Auger Engineering Radio Array
AERA

Jörg R. Hörandel, Radboud University Nijmegen for

Auger Engineering Radio Array
Review, Malargüe, April 2009

1.Introduction
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Radio detection of extensive air showers at the Pierre Auger observatory
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Calibration
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LOFAR LBA Calibration

measured signal
recorded in ADC

counts (P
m
)  

1. Reference Source
  

● Angular response
● Relies on conflicting manufacturer 

data sheets
● Not easily repeatable

2. Galactic Emission
   

● Average over whole sky
● Can be done anytime
● Large error bars due to 

electronic noise

voltage received 
at the antenna (P

e
)

+

+

-

-

-

-

Nelles, A. et al. 2015,Journal of 
Instrumentation, 10, P11005

2 independent methods 
reference source 1
reference source 2
galaxy

1
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● Galaxy noise is primary external 
source of noise in LBA frequency 
range
   

Galaxy noise + electronic noise
= recorded signal

   

● Lfmap software provides frequency 
dependent galactic noise 
temperature

Galactic Calibration
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 E. Polisensky, LFmap: A Low Frequency Sky Map Generating Program. , 
Long Wavelength Array (LWA) Memo Series 111  (2007). 3
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Simulating Galaxy Noise

pol 0 pol 1

Visible galaxy at 00.00,6:00,12:00,18:00 Local Sidereal Time

Average antenna response at 55 MHz

LST (h)

v
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B
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LOFAR Signal Chain

T
sky

T
LNA

G
ant

T
coax

L
coax

T
RCU
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RCU

T
ADC

+ + + +

TBB 
data

G
ant
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, G
RCU

Freq. Dependent losses and gains
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Constant noise values
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T
sky

T
LNA

G
ant

T
coax

L
coax

T
RCU

G
RCU

T
ADC

+ + + +

TBB 

Antenna gain, simulated with 
WIPL-D software, with known 
misaligned resonance frequency

correction to antenna model

LOFAR Signal Chain

8
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g
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T
LNA

G
ant

T
coax

L
coax

T
RCU

G
RCU

T
ADC

+ + + +

 Cable attenuation 
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. 
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LOFAR Signal Chain
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(v) Noise from amplification in RCU

RCU passband filter
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Fitting for Electronic Noise

known, frequency dependent 
quantity
unknown, constant quantity

Fitted noise values at ADC

All noise contributions are 
required to fit simulation to data 
at all frequencies
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Calibration Results

Sky + elec.
 noise

● Galaxy model now limits systematic 
uncertainties

● Uncertainties from electronic noise are 
found by comparing resulting calibration 
constants for different antennas

12
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Comparison to CoREAS
For ~20 strong events (x 3 stations x 48 antennas), 
compare slope on either side of resonance 
frequency

sim
gal.
ref. 1
ref. 2

preliminary
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Auger Engineering Radio Array
AERA 26 | 

kvi - center for advanced 
radiation technology 

astroparticle physics 

6-07-2016 

Calibrations: relative time 
Use beacon broadcasting 
at 4 different frequencies 
to measure relative time 
shifts 

Tim Huege, ARENA2016 

27 | 

kvi - center for advanced 
radiation technology 

astroparticle physics 

6-07-2016 

Calibrations: relative time 
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radiation technology 

astroparticle physics 
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Calibrations: relative time 

Tim Huege, ARENA2016 
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Scintillation detectors are frequently used 
to detect charged particles

charged particles deposit energy in a material through 
ionization losses
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Ionization loss
charged particles traveling through matter lose energy on excitation 
and ionization of its atoms
energy loss per unit of column depth [MeV per g/cm2] 
Bethe-Bloch equation

dE

dx
= �NAZ

A

2⇡(ze2)2

Mv2


ln

2Mv2�2W

I2
� 2�2

�

I average ionization potential
W maximum energy loss
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the ionization loss is proportional to a constant L that includes the 
charge and atomic number fo the medium

L =
2⇡NAZ

A

✓
e2

mc2

◆2

mc2 = 0.0765

✓
2Z

A

◆
MeV/(g cm2)

for dense media: reduction of logarithmic rise (density effect)

MeV/(g cm2)
dE

dx
= �L

Z2

�2

�
B + 0.69 + 2 ln �� + lnW � 2�2 � �

�

B = ln

✓
mc2

I

◆
W ⇡ E

2

� = 2 ln �� + C

C correction factor (Sternheimer)

element I, eV L B C
hydrogen 21.8 152 21.07 -9.50
helium 44.0 77 19.39 -2.13
carbon 77.8 77 18.25 -3.22
nitrogen 90.0 77 17.67 -10.68
oxygen 104 77 17.67 -10.80
iron 286 72 15.32 -4.62
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6 27. Passage of particles through matter
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Figure 27.2: Mean energy loss rate in liquid (bubble chamber) hydrogen,
gaseous helium, carbon, aluminum, iron, tin, and lead. Radiative effects,
relevant for muons and pions, are not included. These become significant for
muons in iron for βγ >∼ 1000, and at lower momenta for muons in higher-Z
absorbers. See Fig. 27.21.

as a function of βγ = p/Mc is shown for a variety of materials in Fig. 27.4.
The mass scaling of dE/dx and range is valid for the electronic losses described

by the Bethe-Bloch equation, but not for radiative losses, relevant only for muons
and pions.

For a particle with mass M and momentum Mβγc, Tmax is given by

Tmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (27.4)

In older references [2,7] the “low-energy” approximation

February 2, 2010 15:55
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Particle Detection via Luminescence

Scintillation Detectors

Kolanoski, Wermes
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Scintillators – General Characteristics

Sensitivity to energy
Fast time response
Pulse shape discrimination

Main Features:

High efficiency for conversion of exciting energy to fluorescent radiation
Transparency to its fluorescent radiation to allow transmission of light
Emission of light in a spectral range detectable for photosensors
Short decay time to allow fast response

Requirements

Plastic Scintillator 
BC412

Principle:
dE/dx converted into visible light
Detection via photosensor
[e.g. photomultiplier, human eye ...]
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Inorganic Crystals	

Materials:

Sodium iodide (NaI)
Cesium iodide (CsI)
Barium fluoride (BaF2)
...

conduction band

valence band

traps

e
xc

ita
tio

n
s

hole

q
u
e
n
c
h
in

g

exciton
band

impurities
[activation centers]

scintillation
[luminescence]

Mechanism:

Energy deposition by ionization
Energy transfer to impurities
Radiation of scintillation photons

electron

Time constants:

Fast: recombination from activation centers [ns ... μs]
Slow: recombination due to trapping [ms ... s]

Energy bands in 
impurity activated crystal

showing excitation, luminescence,
quenching and trapping
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Inorganic Crystals

Example CMS 
Electromagnetic Calorimeter

Crystal growth

PbW04

ingots
One of the  last

CMS end-cap crystals
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Inorganic Crystals – Time Constants

Time

Li
gh

t O
ut

pu
t

N = Ae�t/�f + Be�t/�s

Exponential decay of scintillation 
can be resolved into two components ...

⌧f : decay constant of fast component
⌧s : decay constant of slow component
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Inorganic Crystals – Light Output

In
te

ns
ity

 [a
.u

.]

Wavelength [nm]

Scintillation Spectrum
for NaI and CsI 

NaI(Tl)  
CsI(Na)
CsI(Tl)

Strong 
Temperature Dependence
[in contrast to organic scintillators]
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Scintillation in Liquid Nobel Gases

Materials:

Helium (He)
Liquid Argon (LAr)
Liquid Xenon (LXe)
...

Excitation

Ionization

Collision
[with other gas atoms]

Excited
molecules

Ionized
molecules Recombination

De-excitation and
dissociation

UV

LAr	 : 130 nm
LKr	 : 150 nm
LXe	: 175 nmA

A

A
A*

A*

A2*

A2
+ A2*

e–

Decay time constants:

Helium : τ1 = .02 μs, τ2 = 3 μs
Argon : τ1 ≤ .02 μs
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Inorganic Scintillators – Properties

Numerical examples:

NaI(Tl) λmax = 410 nm; hν = 3 eV 
photons/MeV = 40000

τ = 250 ns

Scintillator quality: 

NaI(Tl) :40000 photons; 3 eV/photon  ➛  εsc = 4⋅104⋅3 eV/106 eV = 11.3%
PBWO4:     200 photons; 3 eV/photon  ➛  εsc = 2⋅102⋅3 eV/106 eV = 0.06%

Light yield – εsc ≡ fraction of energy loss going into photons

e.g.

PBWO4 λmax = 420 nm; hν = 3 eV 
photons/MeV = 200

τ = 6 ns

[for 1 MeV particle]
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Organic Scintillators	

Aromatic hydrocarbon  
compounds:

AntraceneNaphtalene [C10H8]
Antracene [C14H10]

Stilbene [C14H12]
...

Naphtalene

e.g.

Scintillation is based on electrons 
 of the C = C bond ...

Very fast!
[Decay times of O(ns)]

Two
pz orbitals

π bond

Scintillation light arises from
delocalized electrons in π-orbitals ...

Transitions of  'free' electrons ...
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➥

Organic Scintillators	

Molecular states:

Singlet states
Triplet states

Fluorescence  :  S1 ➛ S0 [< 10-8 s]

Phosphorescence :  T0 ➛ S0 [> 10-4 s]

Fluorescence in 
UV range 
[~ 320 nm]

    usage of

wavelength shifters

Absorption
in 3-4 eV range
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Organic Scintillators	

Stokes-Shift

Emission

Absorption

Excited State

Ground State

Vibrational 
States

Nuclear
distance

E
ne

rg
y

λ

In
te

ns
ity

Shift of absorption 
and emission spectra ...

Transparency requires:

Shift due to 

Franck-Condon Principle

Excitation into higher vibrational states 
De-excitation from lowest vibrational state

Excitation time scale 	:	 10-14 s 
Vibrational time scale	:	 10-12 s 
S1 lifetime 		 	 	 	 :	 10-8 s

S1

S0
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Plastic and Liquid Scintillators

solution of organic scintillators
[solved in plastic or liquid]

 + large concentration of primary fluor
 + smaller concentration of secondary fluor
 + ...

In practice use ...

Scintillator requirements:

Solvable in base material

High fluorescence yield

Absorption spectrum must overlap
with emission spectrum of base material 

Scintillator array
with light guides

LSND experiment
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Plastic and Liquid Scintillators

Excitations γA

γB

γC

S0A

S1A

S1B

S0B

S1C

S0C

Solvent

Primary Fluor

Secondary 
Fluor 

Wave length
shifter

Energy deposit in base 
material ➛ excitation

Primary fluorescent 
  -	Good light yield ... 
  -	Absorption spectrum 
	 matched to excited 
	 states in base 
	 material ...

Secondary 
fluorescent 

A
B

C
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Wavelength Shifting

Schematics of
wavelength shifting principle

Absorption of
primary scintillation light 

Re-emission at 
longer wavelength 

Adapts light to spectral 
sensitivity of photosensor

Principle:

Requirement: 

Good transparency
for emitted light
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dL

dx
= L0

dE

dx

dL

dx
= L0

dE
dx

1 + kB dE
dx

Organic Scintillators – Properties

Light yield:
[without quenching]

Quenching: 
non-linear response due to 
saturation of available states

Birk's law:

[kB needs to be determined experimentally]

Also other ... 
parameterizations ...

Response different ... 
for different particle types ...
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Scintillation Counters – Setup

Scintillator light to be 
guided to photosensor

➛ Light guide
	 [Plexiglas; optical fibers]

'fish tail'

	 Light transfer by 
	 total internal reflection
	 [maybe combined with wavelength shifting]

Liouville's Theorem:

Complete light transfer
impossible as Δx Δθ = const.
[limits acceptance angle]

Use adiabatic light guide
like 'fish tail'; 

➛ appreciable energy loss
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Photon Detection

Purpose	 : 	Convert light into a detectable electronic signal
Principle	 : 	Use photo-electric effect to convert photons to
	 	 photo-electrons (p.e.)

Requirement	: 	

High Photon Detection Efficiency (PDE) or 
Quantum Efficiency; Q.E. = Np.e./Nphotons

Available devices [Examples]: 	

	 Photomultipliers [PMT]

	 Micro Channel Plates [MCP]

	 Photo Diodes [PD]

  	
HybridPhoto Diodes [HPD] 

Visible Light Photon Counters [VLPC]

Silicon Photomultipliers [SiPM] 
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UB

Photomultipliers – Dynode Chain

Electrons accelerated toward dynode
Further electrons produced ➛ avalanche

Secondary emission coefficient: 
 δ = #(e– produced)/#(e– incoming)

Multiplication process:

 δ = kUD; G = a0 (kUD)n

dG/G = n dUD/UD = n dUB/UB

Typical:  δ = 2 – 10
       n = 8 – 15

  ➛ G = δn = 106 – 108

Gain fluctuation:

Dynodes

Electron

Anode

Voltage divider
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Photomultipliers – Dynode Chain

Venetian
blind

Box and
grid

Linear 
focused

Circular 
focused

Optimization of

PMT gain
Anode isolation
Linearity
Transit time

B-field dependence

PM’s are in general 
very sensitive to B-fields !

Even to earth field (30-60 μT). 
μ-metal shielding required.
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Super-Kamiokande neutrino observatory (Japan) 
1 km underground 
cylindrical stainless steel tank with 41.4 m height and 39.3 m diameter 
11146 PMTs with 50 cm diameter



Jörg R. Hörandel, Astronomical Instrumentation 2020/21 �57

Photomultipliers – Photocathode

γ-conversion 
via photo effect ...

4-step process:

Electron generation via ionization  
Propagation through cathode
Escape of electron into vacuum

Electron

Photon

entrance window

photo
cathode

Q.E. ≈ 10-30%
[need specifically developed alloys]

Bialkali: SbRbCs; SbK2Cs
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Photomultipliers – Energy Resolution

Energy resolution influenced by:

Linearity of PMT: at high dynode current possibly saturation 
by space charge effects; IA ∝ nγ for 3 orders of magnitude possible ...

Photoelectron statistics: given by poisson statistics.

with ne given 
by dE/dx ...

Secondary electron fluctuations: 

For NaI(Tl) and 10 MeV photon;
photons/MeV = 40000;
η = 0.2; Q.E. =0.25

light collection
efficiency

with dynode gain δ;
and with N dynodes ...

σn/<n> dominated by
first dynode stage ...

... important for
single photon detection
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