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Direct measurement of cosmic 
rays above the atmosphere

(balloons & space missions)

BESS launch, McMurco, Antarctica

http://particle.astro.ru.nl/goto.html?astroinst1920
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Magnetic spectrometer
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•Balloon-borne Experiment with a 
Superconducting Spectrometer 

•Measures charge, charge-sign, mass, and energy 
•Superconducting magnetic spectrometer: 
momentum from magnetic rigidity 
•Thin solenoidal superconducting magnet 
Gives very uniform field 

•Fully active “JET” and “IDC” drift chambers with 
54 points on trajectory, σ <130 µm 

•MDR: 200 GV BESS; 1400 GV BESS-TeV; 240 
GV BESS-Polar 

•Time-of-flight system (TOF): velocity and charge 
•Silica-aerogel Cherenkov detector (ACC, 
n=1.02/1.03): background rejection 
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• Nine northern latitude flights (1+ days) 1993-2002 and two Antarctic flights in 2004 (8.5 
days) and 2007 (24.5 days) 

• Including BESS-Polar I 3757 antiprotons reported 0.2 - 4.2 GeV

   2001-2002          2004, 2007

6,2 43 415, 398 668, 558 147 1,512, 7,886
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BESS spectrometer 
The BESS Project  

Rigidity (MDR:240GV) 

Charge, Velocity"

Event display with reconstructed 
Antiproton track is shown. 
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Solenoid: Uniform field ($=1m, B=0.8T) 
                 Thin material (2.4 g/cm2) 
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Energy measurement - calorimeter
electron-photon calorimeter
at high energies (>GeV):  
  electrons loose energy through Bremsstrahung
  photons loose energy through pair production
--> electromagnetic cascade

dE

dt
= const · tae�bt

longitudinal shower development/energy loss

t = x/X0
depth in material in units of the radiation length

depth of maximum depends on energy as

tmax / ln
E

Ec
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Energy measurement - calorimeter
electromagnetic cascade

lateral extension of the cascade
mostly caused by multiple scattering
and characterized by Molière radius

Rm =
21 MeV

Ec
X0

h g

cm2
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Particle identification - calorimeterParticle identification

Already in calorimeters there are di↵erent shower responses for
electrons and hadrons

20/47 R. Märki Calorimetry and particle identification

longitudinal shower development 
for electrons and pions

energy deposit for electrons and pions energy deposit for muons and electrons
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Fig. 2. A picture of the S2 plane of the time of flight system. The sensitive area is 15 ⇥ 18 cm2 segmented into 2 ⇥ 2 orthogonal bars.

Fig. 3. Left: an overview of the magnetic spectrometer showing the top silicon plane. The magnet cavity has dimensions 13.1 ⇥ 16.1 cm2. The lower part
of the magnet canister is covered by a magnetic screen. Right: a silicon plane comprising six silicon strip detectors and front-end electronics.

The main task of the spectrometer is to measure the rigidity of charged particles from which the momentum and the
sign of their electric charge can be derived from the relation R = cp/Ze, where p and Ze are the momentum and charge of
the particle, respectively, and c the speed of light. Themagnetic spectrometer measures the deflection of a particle, which is
defined as the inverse of the rigidity. The resolution in the deflectionmeasurement depends on the geometrical configuration
of the spectrometer, on the intensity of the magnetic field and on the spatial resolution of the silicon sensors. This spatial
resolution depends on the particle incidence angle. For normally incident tracks, tests with particle beams showed a spatial
resolution of (3.0 ± 0.1) µm and (11.5 ± 0.6) µm in the bending and non-bending views, respectively. Finally, ionization
loss measurements are also made in the silicon planes, allowing absolute particle charge to be determined up to Z = 4.

The sampling electromagnetic calorimeter (Fig. 4 left) comprises 44 single-sided silicon sensor layers (380 µm thick)
interleaved with 22 plates of tungsten absorber [16]. Each tungsten layer has a thickness of 0.26 cm, which corresponds
to 0.74 X0 (radiation lengths), giving a total depth of 16.3 X0 (⇠0.6 nuclear interaction lengths). Each tungsten plate is
sandwiched between two printed circuit boards, upon which the silicon detectors, front-end electronics and ADCs are
mounted, forming a detection plane. Pairs of detection planes are kept together by aluminum frames to which they are
bolted at the edge of the absorber plates forming a ‘‘detection module’’ (Fig. 4 right). The 8 ⇥ 8 cm2 silicon detectors are
segmented into 32 read-out strips with a pitch of 2.4 mm. The silicon detectors are arranged in a 3 ⇥ 3 matrix and each of
the 32 strips is bonded to the corresponding strip on the other two detectors in the same row (or column), thereby forming
24 cm long read-out strips. The orientation of the strips of two consecutive layers is orthogonal and therefore provides
two-dimensional spatial information.

Protons and electrons dominate the positively and negatively charged components of the cosmic radiation, respectively.
The main task of the calorimeter is to select positrons and antiprotons from like-charged backgrounds, which are
significantlymore abundant. Positronsmust be identified from a background of protons that increases from about 103 times
the positron component at 1 GeV/c to about 104 at 100 GeV/c, and antiprotons from a background of electrons that decreases
from⇠5⇥103 times the antiproton component at 1GeV/c to less than102 times above 10GeV/c. Thismeans that the PAMELA
systemmust separate electrons from hadrons at a level of one out of⇠105. The longitudinal and transverse segmentation of
the calorimeter, combinedwith themeasurement of the particle energy loss in each silicon strip, allows a high identification
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Fig. 4. Left: The PAMELA electromagnetic calorimeter with the topmost silicon plane visible. The device is ⇠20 cm tall and the active silicon layer is
⇠24⇥24 cm2 in cross-section. Right: Details of a single calorimetermodule comprising two tungsten layers each sandwiched between two silicon detector
planes.

Fig. 5. An overview of the anticoincidence system. The CARD system is not shown but the design closely follows that of CAS. The CAS scintillator (on the
left) is approximately 40 cm tall and 33 cm wide. The hole in the CAT scintillator (on the right) measures approximately 22 cm by 18 cm.

(or rejection) power for electromagnetic showers. Electromagnetic and hadronic showers differ in their spatial development
and energy distribution in a way that can be distinguished by the calorimeter. The calorimeter is also used to reconstruct
the energy of electromagnetic showers. This provides a measurement of the energy of the incident electrons independent
from the magnetic spectrometer, thus allowing a cross-calibration of the two energy determinations.

Simulations have shown that the majority (⇠75%) of triggers in orbit are ‘‘false’’ triggers, i.e. where the coincidental
energy deposits in the time of flight scintillators are generated by secondary particles produced in the mechanical structure
of the experiment. The anticoincidence systems can be used to identify these events during offline data analysis. The PAMELA
instrument contains two anticoincidence (AC) systems [17]. The primary system consists of 4 plastic scintillators (CAS)
surrounding the sides of the magnet and one covering the top (CAT), as shown in Fig. 5. A secondary AC system consists
of 4 plastic scintillators (CARD) that surround the volume between the first two time-of-flight planes. The CARD detectors
are scaled-down versions of CAS. The AC systems use 8 mm thick plastic scintillators read out by photomultipliers. Each
scintillator is covered in reflective material and coupled via a 7 mm thick silicone pad to the PMTs. Each CAS and CARD
detector is read out by two identical PMTs in order to decrease the possibility of single point failure. For this reason, and to
cover the irregularly shaped area, the CAT detector is read out by 8 PMTs.

The shower tail catcher scintillator (S4) improves the PAMELA electron–hadron separation performance by measuring
shower leakage from the calorimeter. This scintillator is placed directly beneath the calorimeter. It consists of a single square
piece of 1 cm thick scintillator of dimensions 48 ⇥ 48 cm2 which is read out by six PMTs (Fig. 6 left).

The neutron detector [18] is located below the S4 scintillator and consists of 36 proportional counters, filled with 3He
and surrounded by a polyethylene moderator enveloped in a thin cadmium layer to prevent thermal neutrons entering the
detector from the sides and from below. The counters are stacked in two planes of 18 counters, oriented along the y-axis of
the instrument. The size of the neutron detector is 60 ⇥ 55 ⇥ 15 cm3 (Fig. 6 right).

The neutron detector complements the electron–proton discrimination capabilities of the calorimeter. The evaporated
neutron yield in a hadronic shower is 10–20 times larger than expected from an electromagnetic shower. The neutron
detector is sensitive to evaporated neutrons which are thermalized in the calorimeter. The detection efficiency (including
thermalization) is ⇠10%.
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Fig. 6. Left: the shower tail catcher scintillator S4. The scintillator has dimensions 48 ⇥ 48 cm2. Right: The neutron detector equipped (partially in the
figure) with 3He proportional counters. The neutron detector covers an area of 60 ⇥ 55 cm2.

Fig. 7. A particle identified as an antiproton in the PAMELA detector. The charge sign and the rigidity are obtained from the information of the magnetic
spectrometer. A hadronic shower is visible in the calorimeter; the neutron detector records neutrons from the hadronic cascade.

In Figs. 7 and 8 two events recorded by PAMELA in orbit are presented. Fig. 7 shows an antiproton entering the PAMELA
apparatus. The charge sign and rigidity are derived by the information of themagnetic spectrometer. The antiproton interacts
in the calorimeter and a hadronic shower is visible; the neutron detector records neutrons from the hadronic cascade. Fig. 8
shows the interaction of a positron. An electromagnetic shower is produced in the calorimeter, without any detection of
neutrons.

Space-borne apparatus must maintain a high level of performance and stability throughout the mission despite the
harsh environment of space. The mechanical design must be such that the significant shocks and vibrations experienced
during launch are mitigated. The extremes of temperature that may be encountered in space require that the thermal and
mechanical designs assure an excellent stability over a broad range of temperatures for the sensitive components. The
radiation environment in low Earth orbit is a major concern in the design of electronic circuitry. All chosen components
must be tested for radiation tolerance prior to use.

The PAMELA pre-flight tests were performed in the years 2002–2005. Most of the PAMELA electronic components are
industrial products. Radiation tolerance tests therefore had to be carried out before their integration into electronic boards.
A selection of electronic components were tested under gamma and heavy ion beams during the construction phase of the
PAMELA subsystems.
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Fig. 8. A particle identified as a positron in the PAMELA detector. The charge sign and the rigidity are obtained from the information of the magnetic
spectrometer. An electromagnetic shower is produced in the calorimeter, no neutrons are detected by the neutron detector.

The mechanical and thermal space qualification tests of the PAMELA instrument were performed by means of a mock-
up of the entire instrument, the ‘‘Mass Dimensional and Thermal Model (MDTM)’’. The MDTM reproduces the geometrical
characteristics of PAMELA (e.g. dimensions, totalmass, center of gravity,moments of inertia) and the basic thermal behavior.
All particle detectors in theMDTMwere simulated bydummyaluminumboxes. The electronics systemswerenon-functional
and simply reproduced the power consumption of each subsystem. To perform tests of the electrical interface between
PAMELA and the Resurs satellite, a second mock-up of the PAMELA instrument was assembled. This ‘‘Technological Model’’
was an exact copy of the Flight Model from the point of view of electrical connections to the satellite and for the readout
electronics boards, with the particle detectors substituted by dummies.

Results about mechanical, thermal and electric tests of the PAMELA mock-ups can be found in [19]. More details about
the PAMELA apparatus and pre-flight qualification tests can be found in [20].

2.2. Satellite, orbit, ground segment

PAMELA was launched onboard the Resurs-DK1 Russian satellite by a Soyuz rocket from the Baikonur space centre on
the 15th of June 2006.

The Resurs DK1 satellite was manufactured by the Russian space company TsSKB Progress. This class of spacecrafts
performs multi-spectral remote sensing of the Earth’s surface and acquires high-quality images in near real-time. Data
delivery to ground is realized via a high-speed radio link.

The satellite has a mass of ⇠6.7 tonnes and a height of 7.4 m (see Fig. 9). The solar array span is ⇠14 m. The satellite
is three-axis stabilized with an axis orientation accuracy of 0.2 arcmin and an angular velocity stabilization accuracy of
0.005°/s. The orbital altitude varied between 350 km and 600 km at an inclination of 70°. In September 2010 the orbit was
changed to a nearly circular one at an altitude of '570 km.

PAMELA is mounted in a dedicated Pressurized Container (PC) attached to the Resurs DK1 satellite. The container is
cylindrical in shape and has an inside diameter of about 105 cm, a semi-spherical bottom and a truncated conical top. It is
made of an aluminum alloy, with a thickness of 2 mm in the acceptance of PAMELA. During launch and orbital maneuvers,
the PC is secured against the body of the satellite. During data-taking it is swung up to give PAMELA a clear view into space,
as shown in Fig. 9.

The ground segment of the ResursDK1 system is located at the Research Center for EarthOperativeMonitoring (NTsOMZ)
in Moscow, Russia. This center is part of the Russian Space Agency (Roskosmos) ground segment designed for acquiring,
recording, processing and distributing data from remote sensing systems in space.

The reception antenna at NTs OMZ is a parabolic reflector of 7 m diameter, equipped with an azimuth-elevation rotation
mechanism, and has two frequency multiplexed radio channels. The Resurs DK1 radio link towards NTs OMZ is active 2–3
times a day. The average volume of data transmitted during a single downlink is currently ⇠6 GBytes, giving a total of
15 GBytes/day. Data received from PAMELA are collected by a data-set archive server. The server calculates the downlink
session quality (the error probability per bit) and faulty downlink sessions can be assigned for retransmission up to several
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Fig. 29. Velocity versus rigidity showing the mass separation for Z = 1 (left) and Z = 2 (right) particles. The black lines represent the theoretical isotope
curves.

Fig. 30. Absolute fluxes of hydrogen isotopes (top) and isotopic ratios 2H/1H (bottom)measured by PAMELA compared with and previous measurements:
AMS-01 [154], BESS [155], IMAX [156]. Error bars show statistical uncertainty while shaded areas show systematic uncertainty.

Fig. 31. Absolute fluxes of helium isotopes (top) and isotopic ratios 3He/4He (bottom) measured by PAMELA compared with and previous measurements:
AMS-01 [154], BESS [155], IMAX [156], SMILI [157], SMILI-2 [158], MASS [159]. Error bars show statistical uncertainty while shaded areas show systematic
uncertainty.
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Fig. 32. The averaged dE/dx information on the middle ToF layer (S2) versus the rigidity obtained by the tracking system. Protons have been previously
removed from the sample of events used to produce this figure.

Fig. 33. Boron and carbon energy spectrum measured by PAMELA compared with previous measurements: HEAO [166], CREAM [167], CRN [168], ATIC-
2 [169], TRACER [170]. The error bars represent the statistical error while the shaded area represents the systematic uncertainty.

spectrometer and increases with the charge of the particle, producing spurious hits in the silicon layers. Therefore, a specific
procedure to track nuclei with Z > 2 was developed.

The data considered for this study were acquired in the period July 2006 to December 2008. The set of selection criteria,
which was imposed on the whole data set to preselect nuclei while rejecting the much more abundant protons and helium
nuclei, is detailed in [165]. Carbon candidates were selected requiring an energy loss compatible with Z = 6 nuclei on S12,
on hS2i (i.e., mean release on S21 and S22) and hS3i.

The charge identification efficiency was estimated by selecting a sample of events by means of S11 and the calorimeter.
The overall efficiency of the selection was found to exceed 75% at a few GV, decreasing gradually at lower rigidities due to
saturation effects. After selection, the contamination (boron identified as carbon and vice-versa) was found to be negligible.

The tracker efficiency was estimated by means of flight data and of GEANT4 simulations. Extensive Monte Carlo
simulations were carried out in order to estimate with low statistical errors the efficiency of the selections.

4.3.4. Results
Figs. 33 and 34 shows the energy spectra for boron and carbon and the boron-to-carbon flux ratio measured by PAMELA

in the energy range 0.44–129 GeV/n along with other experimental measurements. The results reported here are in good
agreement, in the various energy regions, with those of other older experiments, HEAO [166], CRN [168], and more recent
ones CREAM [167], ATIC-2 [169,171], AMS-01 [172] and TRACER [170].

4.4. Galactic cosmic-ray electrons

Electrons are the most abundant negatively charged component of cosmic-rays but constitute only about 1% of the total
cosmic-ray flux. Precise measurements of the energy spectrum of cosmic-ray electrons provide important information



Jörg R. Hörandel, Astronomical Instrumentation 2019/20 �130

The Alpha Magnetic Spectrometer on the International Space Station 
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Abstract 

The Alpha Magnetic Spectrometer is a precision, large acceptance particle physics detector which was deployed 
on the International Space Station (ISS) in May 2011. It will be on the ISS for the entire lifetime of the Space 
Station of about 20 years. To date, the detector has collected over 24 billion cosmic ray events. Among the physics 
objectives of AMS are the search for an understanding of Dark Matter, Antimatter and the origin of cosmic rays as 
well as the exploration of new physics phenomena. This report presents an overview of the operations and 
performance of the AMS experiment on the ISS as well as the progress of the analysis of the data collected over 
one year of operations in space. 
 
Keywords: International Space Station, Cosmic Rays, antimatter, dark matter.  

     
  The Alpha Magnetic Spectrometer (AMS) is a U.S. 
Department of Energy sponsored experiment 
deployed on the International Space Station for a 
long duration mission (10-20 years) searching for an 
understanding of the origin of Dark Matter, the 
existence of Antimatter, the origin and properties of 
cosmic rays and to explore new phenomena from the 
venue of space [1].  Figure 1 shows the AMS 
Detector as installed as an external payload of the 
Space Station. 
 

    S. Ting 

The Alpha Magnetic Spectrometer Experiment 
on the International Space Station  

 
 

Fig. 1. AMS was delivered and installed on the ISS in May 2011. 

 
As shown in Figure 2, AMS is a precision 
multipurpose spectrometer composed of an array of 
particle physics detectors to measure the charge (Z), 
energy (E~P) of particles and nuclei and a permanent 
magnet to measure the momentum [2].  
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The Alpha Magnetic Spectrometer is a precision, large acceptance particle physics detector which was deployed 
on the International Space Station (ISS) in May 2011. It will be on the ISS for the entire lifetime of the Space 
Station of about 20 years. To date, the detector has collected over 24 billion cosmic ray events. Among the physics 
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performance of the AMS experiment on the ISS as well as the progress of the analysis of the data collected over 
one year of operations in space. 
 
Keywords: International Space Station, Cosmic Rays, antimatter, dark matter.  

     
  The Alpha Magnetic Spectrometer (AMS) is a U.S. 
Department of Energy sponsored experiment 
deployed on the International Space Station for a 
long duration mission (10-20 years) searching for an 
understanding of the origin of Dark Matter, the 
existence of Antimatter, the origin and properties of 
cosmic rays and to explore new phenomena from the 
venue of space [1].  Figure 1 shows the AMS 
Detector as installed as an external payload of the 
Space Station. 
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Fig. 1. AMS was delivered and installed on the ISS in May 2011. 

 
As shown in Figure 2, AMS is a precision 
multipurpose spectrometer composed of an array of 
particle physics detectors to measure the charge (Z), 
energy (E~P) of particles and nuclei and a permanent 
magnet to measure the momentum [2].  
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 Charge and energy are measured independently by 
the Tracker, Ring Image Cerenkov Counter (RICH), 
Time of Flight counters (TOF) and Electromagnetic 
Calorimeter (ECAL). The Transition Radiation 
Detector (TRD) identifies electrons and positrons by 
transition radiation and measures their charge and 
identifies nuclei by dE/dX. As seen in Figure 3, the 
Magnet and the Veto System (ACC) reject random 
cosmic rays.  The ACC has a measured efficiency of 
better than 0.99999.  The AMS magnet was 
previously flown in the AMS-01 mission onboard 
space shuttle Discovery in 1998 [3].  Over the 12 
years between the AMS-01 mission (1998) and AMS-
02 (measured in 2010), the field remained the same 
(to <1%). 
 

The Magnet and the Veto System reject random cosmic rays  

In 12 years the field has  
remained the same  to <1% 

(from 1997 to 2010) 

Measured veto(ACC) 
efficiency better than 0.99999 

 
 
Fig. 3. The Ams Magnet and the Veto System (ACC) reject random 
cosmic rays. 

 
 The AMS Detector provides a sensitive search for 
Antimatter with Helium/antiHelium > 1010.  As shown 
in Figure 4, this is accomplished by: 
 

a) using minimal material in the detector so that 
the detector itself does not become a source of 
large angle scattering, and 

b) conducting repetitive measurements of 
momentum to ensure that particles which had 
large angle scattering are not confused with the 
signal, and by multiple independent 
measurements of the Charge (|Z|) as shown in 
Figure 5. 

 
 The AMS Detector also provides a sensitive search 
for the origin of Dark Matter with p/e+ >106.   
As shown in Figure 6, this is accomplished by: 
 

a) using minimal material in the TRD and TOF so  
that the detector does not become a source of 
e+, 

b) using a magnet to separate the TRD and ECAL 
so that e+ produced in the TRD will be swept 
away and not enter ECAL.  In this way, the 
rejection power of TRD and ECAL are 
independent, 

c) matching momentum of 9 tracker planes with 
ECAL energy measurements. 
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Fig. 4. High sensitivity search for antimatter is a goal of AMS. 
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Fig. 6. High sensitivity search for Dark Matter is a goal  of AMS. 
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 The AMS Detector was built in AMS collaborating 
universities and institutes around the world and 
shipped to CERN-Geneva for assembly, testing and 
space qualification testing.  CERN provided two test 
beam calibrations of the AMS Detector simulating the 
detector’s performance with high-energy particles in 
space.  Figure 7 illustrates a sample of the major 
results from the beam testing in 2010.  After thermal 
vacuum and electromagnetic interference testing at 
ESTEC (European Space Agency Test Center) in the 
Netherlands, AMS returned to CERN and was flown 
to Kennedy Space Center for final tests and prelaunch 
processing.  On May 16, 2011 at 8:56AM, AMS was 
launched to the International Space Station as the 
prime payload onboard space shuttle Endeavour (see 
Figure 8).  AMS was successfully deployed on the S-
3 truss of the U.S.  ISS National Laboratory (see 
Figure 9) on May 19th at 5:15AM and at 9:35AM, 
AMS began taking data. 

 

   

Test Beam Results at CERN 2010 
Velocity measured to  
an accuracy of 1/1000 
for 400 GeV protons 

Bending Plane Residual (cm) 

e± Energy Resolution: 2.5-3% 
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Fig. 7. Major results from the AMS test beam calibration at CERN 
(2010) 

 

  
 
Figure 8:  The launch of space shuttle Endeavour on May 16, 2011.  
The 7.5 ton AMS Detector was the primary payload in the shuttle cargo 
bay. 
 

May 19: AMS installation completed at 5:15 AM. 
Data taking started at 9:35 AM 

 
Figure 9:  AMS was successfully installed on the ISS on May 19, 
2011 and began taking data about four hours later 
 
  
 AMS operations in space are based around the data 
flow between the AMS detector and the AMS 
Payload Operations and Control Center (POCC) and 
Science Operations Center (SOC), located at CERN-
Geneva.  At an average rate of 10 Mbit/s, data from 
AMS is transmitted over the High Rate Data Link 
(HRDL) on the ISS.  Using the Ku radiofrequency 
band (Ku band), it is bounced off one of the 
geosynchronous Tracking and Data Relay Satellites 
(TDRS) and down to the White Sands Ground 
Terminal in New Mexico.  From there it is directed 
over NASA networks to dedicated DOE computers 
located within the Payload Operations and Integration 
Center (POIC) at Marshall Space Flight Center 
(MSFC) where it is written on disk and copied to the 
POCC.  Commands from the POCC follow this path 
in reverse over the Low Rate Data Link (LRDL) using 
the S-band.  Both a complete and immediate stream of 
monitoring data (temperatures, voltages, etc.) at 30 
Kbit/s each are also sent from AMS.  Located in the 
crew quarters onboard the ISS is the dedicated AMS 
Laptop which records and stores all AMS data for up 
to two months.  This data is recovered later whenever 
there is a dropout anywhere along the chain.  This 
flow of data is depicted in Figure 10. 
As noted in Figure 11, the thermal control of AMS is 
the most challenging task in the operation of AMS in 
space.  The thermal environment on the ISS is 
constantly changing due to solar beta angle (β, the 
angle between the ISS orbital plane and the solar 
vector as illustrated in Figure 12), the changing 
position of the ISS radiators and solar arrays and the 
ISS attitude that changes primarily for visiting 
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Transition radiation
particles traversing a boundary of media with different dielectric properties
--> emission of transition radiation (below Cherenkov threshold)

differential energy spectrum of emitted x-ray photonsregion is
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where y is the emission angle of the photons with
respect to the particle trajectory, o the frequency
of the emitted radiation, a the fine structure
constant, and xi & oi=o the ratio of a material’s
plasma frequency to the emitted photon fre-
quency, such that the dielectric constant eiE1"
x2i : This expression is valid in the relativistic (gb1),
small-angle (y51), high-frequency (oboi) limit.

The emission of the photons is sharply peaked in
the forward direction, near yB1=g: Integrating
Eq. (1) over angles and frequencies gives the total
radiation yield:

W0 ¼
a_Z2

3

ðo1 " o2Þ2

o1 þ o2
g: ð2Þ

The linear increase in total yield comes primarily
from a hardening of the emitted X-rays, rather
than from an increase in the overall photon
multiplicity.

For a radiator consisting of multiple foils, the
frequency distribution exhibits a characteristic
oscillatory nature which is caused by interference
effects between the emission amplitudes of all the
media boundaries in the radiator. For an N-foil
regular stack with constant spacings l2 and foil
thickness l1; one obtains

d2WN

do dy
¼

d2W0

do dy
4 sin2

l1
z1

" #

sin2½Nðl1=z1 þ l2=z2Þ(
sin2ðl1=z1 þ l2=z2Þ

:

ð3Þ

Here, d2W0=do dy is the single-interface emis-
sion spectrum, given by Eq. (1), and one assumes
reabsorption in the radiator to be negligible. The
characteristic length scales zi are called ‘‘formation
zones’’. They may be thought of as roughly the
distance required for the electromagnetic field of a
moving particle to reach a new equilibrium state in
the medium it has just entered [9]. The formation

zones are defined as

zi &
4c

o
1

g"2 þ y2 þ x2i
: ð4Þ

Eq. (3) shows that the yield of the radiator stack
is determined by the ratios of the foil and gap
thicknesses to their formation zones. For l15z1;
the first sin2 term drops to zero, effectively
suppressing the yield. However, when both l1
and l2 are larger than z1 and z2; the total integrated
yield from a stack of foils will approach 2N times
the yield from a single interface [8].

Fig. 1 shows the approximate differential energy
spectrum (dWN=do), obtained by integrating
Eq. (3) over all angles. It is normalized by the
number of interfaces and compared with the single
interface spectrum (Eq. (1)). The broad, final
maximum of the multifoil spectrum contains a
major portion of the total emission and is located
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Fig. 1. Differential TR yield (dW=do) versus Lorentz factor
for several configurations. Shown are the single-interface
(smooth line) and approximate multi-foil (oscillating line)
energy spectra, as well as the multi-foil spectrum modified by
self-absorption processes in the foil (dashed line). The dotted
line shows the yield which would be captured in a single 1 cm
thick layer of xenon. The characteristic peak emission energy
opeak is also indicated. All spectra are normalized to a single-
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35 mm; l2 ¼ 1000 mm; o1 ¼ 21:2 eV; and o2 ¼ 0:75 eV:
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yield from a stack of foils will approach 2N times
the yield from a single interface [8].

Fig. 1 shows the approximate differential energy
spectrum (dWN=do), obtained by integrating
Eq. (3) over all angles. It is normalized by the
number of interfaces and compared with the single
interface spectrum (Eq. (1)). The broad, final
maximum of the multifoil spectrum contains a
major portion of the total emission and is located
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where y is the emission angle of the photons with
respect to the particle trajectory, o the frequency
of the emitted radiation, a the fine structure
constant, and xi & oi=o the ratio of a material’s
plasma frequency to the emitted photon fre-
quency, such that the dielectric constant eiE1"
x2i : This expression is valid in the relativistic (gb1),
small-angle (y51), high-frequency (oboi) limit.

The emission of the photons is sharply peaked in
the forward direction, near yB1=g: Integrating
Eq. (1) over angles and frequencies gives the total
radiation yield:

W0 ¼
a_Z2

3

ðo1 " o2Þ2

o1 þ o2
g: ð2Þ

The linear increase in total yield comes primarily
from a hardening of the emitted X-rays, rather
than from an increase in the overall photon
multiplicity.

For a radiator consisting of multiple foils, the
frequency distribution exhibits a characteristic
oscillatory nature which is caused by interference
effects between the emission amplitudes of all the
media boundaries in the radiator. For an N-foil
regular stack with constant spacings l2 and foil
thickness l1; one obtains
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Here, d2W0=do dy is the single-interface emis-
sion spectrum, given by Eq. (1), and one assumes
reabsorption in the radiator to be negligible. The
characteristic length scales zi are called ‘‘formation
zones’’. They may be thought of as roughly the
distance required for the electromagnetic field of a
moving particle to reach a new equilibrium state in
the medium it has just entered [9]. The formation

zones are defined as
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Eq. (3) shows that the yield of the radiator stack
is determined by the ratios of the foil and gap
thicknesses to their formation zones. For l15z1;
the first sin2 term drops to zero, effectively
suppressing the yield. However, when both l1
and l2 are larger than z1 and z2; the total integrated
yield from a stack of foils will approach 2N times
the yield from a single interface [8].

Fig. 1 shows the approximate differential energy
spectrum (dWN=do), obtained by integrating
Eq. (3) over all angles. It is normalized by the
number of interfaces and compared with the single
interface spectrum (Eq. (1)). The broad, final
maximum of the multifoil spectrum contains a
major portion of the total emission and is located
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where y is the emission angle of the photons with
respect to the particle trajectory, o the frequency
of the emitted radiation, a the fine structure
constant, and xi & oi=o the ratio of a material’s
plasma frequency to the emitted photon fre-
quency, such that the dielectric constant eiE1"
x2i : This expression is valid in the relativistic (gb1),
small-angle (y51), high-frequency (oboi) limit.

The emission of the photons is sharply peaked in
the forward direction, near yB1=g: Integrating
Eq. (1) over angles and frequencies gives the total
radiation yield:

W0 ¼
a_Z2

3

ðo1 " o2Þ2

o1 þ o2
g: ð2Þ

The linear increase in total yield comes primarily
from a hardening of the emitted X-rays, rather
than from an increase in the overall photon
multiplicity.

For a radiator consisting of multiple foils, the
frequency distribution exhibits a characteristic
oscillatory nature which is caused by interference
effects between the emission amplitudes of all the
media boundaries in the radiator. For an N-foil
regular stack with constant spacings l2 and foil
thickness l1; one obtains
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Here, d2W0=do dy is the single-interface emis-
sion spectrum, given by Eq. (1), and one assumes
reabsorption in the radiator to be negligible. The
characteristic length scales zi are called ‘‘formation
zones’’. They may be thought of as roughly the
distance required for the electromagnetic field of a
moving particle to reach a new equilibrium state in
the medium it has just entered [9]. The formation

zones are defined as
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Eq. (3) shows that the yield of the radiator stack
is determined by the ratios of the foil and gap
thicknesses to their formation zones. For l15z1;
the first sin2 term drops to zero, effectively
suppressing the yield. However, when both l1
and l2 are larger than z1 and z2; the total integrated
yield from a stack of foils will approach 2N times
the yield from a single interface [8].

Fig. 1 shows the approximate differential energy
spectrum (dWN=do), obtained by integrating
Eq. (3) over all angles. It is normalized by the
number of interfaces and compared with the single
interface spectrum (Eq. (1)). The broad, final
maximum of the multifoil spectrum contains a
major portion of the total emission and is located
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for N-foil regular stack
with constant spacing l2

and foil thickness l1
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Fig. 9 shows the measured result: a further
enhancement of the total response at high Lorentz
factors. Importantly, the addition of new radiator

material has not adversely affected the saturation
limit. Although for this measurement, we were not
able to obtain accelerator beams at g values below
1000, it is reasonable to expect that, because of
their common design features, the low-g response
will be similar to that shown in Fig. 7 for the CRN
configuration. In contrast to the original design,
however, the new combination exhibits a response
that extends to much higher values of g:

In another set of tests, we use a somewhat
modified configuration, replacing some of the
fibers of the CRN radiator with a 5 cm block of
DOW Ethafoam 220, a closed-cell, polyethylene
foam with a density of 36 g=l: The results are
illustrated in Fig. 10. Again, an unsaturated
response that reaches up to Lorentz factors of
gB105 is seen. For comparison, Fig. 10 also shows
the results obtained with a single foil radiator as
given in Fig. 5. Again, the addition of extra
radiator materials to the foil stack increases the
overall yield without serious detriment to the
saturation point, gsat:
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Fig. 9. Average detector signal for a radiator composed of 51
Mylar foils (spacing: 1:5 cm) and a CRN-type fiber radiator.
Measurements are shown from MWPC 1 (open circles) and
MWPC 2 (open squares), as defined in the inset schematic. The
dashed lines indicate the trend of the data.
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Fig. 10. Average detector signal versus Lorentz factor for two
radiator configurations (see inset schematics). The open
triangles show data from MWPC 2 for a radiator with 51
Mylar foils (spacing: 1:5 cm), 5 cm of Ethafoam, and 7:6 cm of
17 mm fibers (r ¼ 40 mg=cm3: Also shown is the response from
the foils alone (open squares, see Fig. 5), and from MWPC 1
(open circles). The dashed lines indicate the trend of the data,
and the solid line shows the result of a GEANT4 simulation.
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Fig. 8. Average detector signal versus Lorentz factor for a
CRN-like radiator configuration. The open circles are data
from MWPC 1, and the open squares are from MWPC 2, as
shown in the inset schematic. The dashed lines serve to guide
the eye.
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Transition Radiation Detector

TRD test at CERN

- particle identification
   (threshold detector)
- energy measurement  
   (Lorentz factor)
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Cosmic Ray Nuclei detector

Spaceleb 2  July/August 1985
Spaceshuttle Challenger

NIM A 295 (1990) 246
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Transition Radiation Array for Cosmic Energetic Rays

Geometric factor: 5 m2 sr 1600 proportional tubes total

charge

dE/dx
trajectory

energy

suppress 
low energy 
particles

TR
trajectory

energy



Jörg R. Hörandel, Astronomical Instrumentation 2019/20 �142



Jörg R. Hörandel, Astronomical Instrumentation 2019/20 �143

Data Analysis Steps:

analysis JRH 07/01

Charge assignment:
Events with clean tracks

Fine trajectory resolution ( < 1 mm)
from signal distributions in proportional tubes

Correction of scintillator signals
for position and zenith angle

Rejection of interacting particles

Energy determination:
3 GeV/n to 1000 GeV/n:

strong energy dependence of transition radiation signal,
and dE/dx signal near saturation

T1
dE/dx

TR + dE/dx

T2

use relativistic rise in specific ionization in 
gas (Xe - CH4 mixture)

above 1000 GeV/n:
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Measured pulse height distribution in proportional tubes

Measured detector response vs Lorentz factor
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Cosmic-ray charge distrubution measured at instrument

obtained with two layers of scintillation counters  (200 x 200 x 0.5 cm3 )

resolution dominated by spatial uniformity
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Niremainder is interspersed with four radiator layers to generate
TR for the most energetic nuclei.

Both plastic scintillators are 0.5 cm thick and are divided
into four quadrants of 1 m2 area each, as shown in Figure 3.
Wavelength shifter bars collect the light exiting the edge of the
scintillator and direct the reemitted light to photomultiplier
tubes (PMTs). One PMT is connected to each wavelength
shifter bar. The design of the Cerenkov counter is similar,
except that the thickness is 1.27 cm, and that there are two
PMTs mounted on opposite ends of each wavelength shifter
bar. The last dynode signals from each of the PMTs are
individually integrated, analyzed with 12 bit resolution by
peak-detecting ADCs, and recorded for each event. The
anode signals from the scintillator PMTs are summed for each
scintillator and passed via discriminators to a coincidence
trigger.

The proportional tubes are 2 m long and have a diameter
of 2 cm. They are filled in-flight with a xenon-methane mix-
ture at half an atmosphere. As can be seen in Figure 2, the
tubes are arranged in eight double layers that are oriented in
two orthogonal directions. This arrangement permits three-
dimensional tracking of the particle through the instrument.
The top layers form the proportional tube array and measure
ionization energy loss, while the lower layers detect ionization
energy loss plus any superposed TR signal.

The signals from the proportional tubes are amplified in-
dividually by the AMPLEX circuit (Beuville et al. 1990),
which packages 16 amplifier channels on a single integrated
circuit. The amplified signals are digitized with 8-bit resolu-
tion. The dynamic range of the AMPLEX amplifier is not
sufficient to cover the entire charge range from lithium to
iron. Therefore, for the present configuration, the trigger
threshold is set between carbon and oxygen, which allows for
all elements from oxygen to iron to be studied. To reduce the
data rate, the readout electronics only accepts proportional
tube signals that exceed the pedestal level by an adjustable
threshold.

The pulse heights from the PMTs and the proportional tubes
are formatted into an event, which is stored on-board on a hard
disk and is also sent to the ground via telemetry. Specially
formatted ‘‘housekeeping events,’’ which contain information
about the status of the instrument, are included periodically. A
telemetry bandwidth of 455 kbit s!1 is available when the
balloon is in line-of-sight range and can easily handle the data
rate. More detail on the construction and performance of the
detector subsystems will be described in a separate paper.

Before a long-duration balloon flight could be conducted,
TRACER was subjected to a 1 day test flight. It was launched
from Fort Sumner, New Mexico, on 1999 September 20. The
balloon floated for about 28 hr at an altitude between 34 and
38 km, corresponding to a residual atmospheric depth between
3.3 and 6.5 g cm!2. The geomagnetic cutoff varied between
4.4 and 4.8 GV during the flight. The results from this flight
are presented in the following.

4. DATA ANALYSIS

4.1. Overview

After the signals are corrected for gain and pedestal varia-
tions, the first step of the data analysis is to reconstruct the
trajectory of each particle through the instrument. Accurate
trajectory information is needed to correct for spatial varia-
tions in the scintillator and Cerenkov counter responses, and
to determine the path length of the particle through the cy-
lindrical proportional tubes. From the corrected scintillator
signals, a nuclear charge Z is assigned to each cosmic-ray
nucleus. We require consistent charge measurements in both
the top and bottom scintillators in order to reject nuclei that
have interacted in the material of the instrument. Based on
signals from the TRD tubes, dE=dx tubes, and Cerenkov
counter, each nucleus is then assigned to an energy interval.
Finally, we compute the absolute flux, taking into account not
only the energy resolution and nonlinear energy response of
the detector, but also efficiency losses due to atmospheric
interactions or interactions in the instrument, and due to the
various selection cuts in the analysis.

4.2. Trajectory Reconstruction

To first order, the trajectory of each particle is determined
by fitting a line to the centers of all collinear tubes showing

Fig. 3.—Schematic arrangement (not to scale) of scintillator sheets, wave-
length shifter bars, and PMTs.

Fig. 2.—Cross section of the TRACER detector system
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ABSTRACT

We describe a new measurement of the intensities of the heavy primary cosmic-ray nuclei O, Ne, Mg, Si, and
Fe from 10 GeV amu!1 to energies beyond 1 TeV amu!1. The measurement was conducted in 1999 during a
1 day test flight of the Transition Radiation Array for Cosmic Energetic Radiation (TRACER), a new cosmic-ray
telescope designed for long-duration balloon flights. TRACER uses an array of thin-walled single-wire pro-
portional tubes to determine the particle Lorentz factor from measurements of specific ionization and transition
radiation. The nuclear charge is obtained with plastic scintillators, and low-energy background is identified with
an acrylic Cerenkov counter. The results of this observation are consistent with previous measurements in this
energy region. The current statistical limitations should be greatly improved with the planned long-duration
exposure of TRACER.

Subject headings: balloons — cosmic rays — instrumentation: detectors — ISM: abundances

1. INTRODUCTION

While the overall cosmic-ray intensity covers an enormous
range of energies, extending beyond 1020 eV per particle,
details on the composition of the cosmic rays are known for
only a fraction of this range. Yet without information on the
abundances and energy spectra of the individual cosmic-ray
components, conclusions about the sources of these particles,
and of their acceleration and transport through the galaxy,
remain tentative and often controversial. Particularly impor-
tant, but difficult to identify at high energies, are the cosmic-
ray nuclei heavier than protons and helium. These include
primary nuclei that are generated by nucleosynthesis and
subsequently accelerated in cosmic-ray sources, as well as
secondary nuclei, produced by spallation in the interstellar
medium.

Currently, measurements of the energy spectra and absolute
intensities of these individual elemental species extend to a
few TeV amu!1 (or total energies around several 1013 eV per
nucleus) for the major primary nuclei (Grunsfeld et al. 1988;
Müller et al. 1991), and up to "0.2 TeV amu!1 for some of
the secondary nuclei (Binns et al. 1988; Engelmann et al.
1990; Swordy et al. 1990). These measurements support a
model in which all cosmic-ray nuclei are accelerated with the
same differential energy spectrum in the form of a power law
in energy, E!! , with power-law index ! # 2:1 2:2 at the
source. This value of the power-law index ! is close to that
expected if acceleration in strong shocks, probably from su-
pernovae, provides the main mechanism to generate the par-
ticles. Even at the highest energies, the relative abundances of
the primary nuclei at the source (Müller et al. 1991) show the
same anticorrelation with first ionization potential or with
volatility that is observed at lower energies (Meyer 1985) and
for solar energetic particles (Reames 1995).

The shape of the source energy spectrum has been inferred
from local measurements, taking into account that the propa-
gation path length ! of the cosmic rays through the galaxy
decreases with energy as !!" , " # 0:6 (Swordy et al. 1993).
The energy dependence of propagation causes the energy
spectra observed near Earth to be considerably softer than
those at the cosmic-ray sources. It is important to realize that
this model of cosmic-ray propagation is supported by data
only over a rather restricted region of energies: below a few
GeV amu!1, solar modulation obscures the interstellar energy
spectra, and beyond "100 GeV amu!1, the propagation path
length is unknown. Beyond 1000 GeV amu!1, even for the
primary nuclei, at most the energy spectra of groups of ele-
ments have been determined in direct measurements above the
atmosphere (Takahashi et al. 1998; Apanasenko et al. 2001).
At still higher energies, indirect observations of cosmic-ray air
showers may permit the determination of the mean mass of the
particles but have not yet led to an undisputed result (Swordy
et al. 2002; Hörandel 2003). In some air shower observations
such as KASKADE (Antoni et al. 2003), a great deal of in-
formation is available, but the interpretation is limited because
of uncertainties in high-energy nuclear interaction models
(Antoni et al. 2002).

There are good reasons to question whether the decrease of
the propagation path length continues much beyond presently
measured energies. One also expects that the supernova shock
acceleration mechanism will become inefficient in the 1014–
1015 eV per particle region (Lagage & Cesarsky 1983). Thus,
there is a great deal of uncertainty and speculation about
the nature of cosmic rays beyond the TeV-per-amu regime.
Extending reliable measurements to higher energies represents
a severe experimental challenge. The present work is moti-
vated by this challenge.

2. EXPERIMENTAL APPROACH

Because of the rapidly decreasing cosmic-ray intensity at
high energies, observations require instruments with large
collection power. For instance, to detect the heavy primary
nuclei in the energy region 1014 1015 eV per particle with
reasonable statistics, a collecting power of several hundred

1 Current address: Columbia Astrophysics Laboratory, New York.
2 Current address: Max-Planck-Institut für Kernphysik, Heidelberg.
3 Current address: Institut für Experimentelle Kernphysik, Universität

Karlsruhe.
4 Current address: Institute for Space Sciences, Bucharest, Romania.
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1. Flight (Testflight)
Ft Sumner/New Mexico
September 1999
Duration: 1 day
Average height: ~40 km = 3-5 g/cm2
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TRACER Experiment -  Mc Murdo, Antarctica
flight: 12. – 26. December 2003 ~ 40 km (3-5 g/cm2)
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TRACER Experiment -  Mc Murdo, Antarctica
flight: 12. – 26. December 2003 ~ 40 km (3-5 g/cm2)
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Cherenkov Detectors

http://particle.astro.ru.nl/goto.html?astroinst1920
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Cherenkov radiation
charged particles, moving in a medium with refractive index n with

v >
c

n
emit electromagnetic radiation --> Cherenkov radiation

electrons passing through a dielectric at

v <
c

n
v >

c

n

Charged particles, passing by the atoms in the dielectric, momentarily polarize them.  
Once the particle has passed, this polarized state collapses, causing each atom to emit 
Cerenkov radiation. For slow moving particles, the polarization is perfectly symmetrical, 
resulting in no electric field at long distances. When the particle is moving very quickly, 
however, the polarization is no longer perfectly symmetrical.
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Cherenkov radiation
angle between the trajectory of the particle 
and the emitted photons
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Cherenkov radiation
number of Cherenkov photons emitted per unit length
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which gives for a singly charged particle (z=1) in the 
wavelength range 400 to 700 nm
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Human Eye as Cherenkov detector - SilEye-2 experimentCosmic ray abundances inside Mir with SilEye-2 experiment 12

Figure 2. Scheme of the SilEye-2 silicon detector: six 16 strip silicon layers glued
in pairs with strip orthogonally aligned form three planes (the two layers of the
first plane are drawn separately). The position of the eye bulb is also shown.

Cosmic ray abundances inside Mir with SilEye-2 experiment 11

Figure 1. Photo of the SilEye-2 helmet and detector case: 1. Head Mounting.
2. Eye mask with internal LEDs. 3. Detector Box. 4. Connection cable for the
LEDs used for dark adaptation tests .
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3. The detector system

3.1. Overview

In the following we shall briefly describe the
instrument. Fig. 1 instrument shows a schematic
cross-section of the detector system. It consists
of three components: (1) two plastic scintillator
sheets on top and bottom which measure the nu-
clear charge of each traversing particle, provide a
fast coincidence trigger, and perform a time-of-
flight measurement to determine the direction of
particle traversal, (2) a drift chamber hodoscope
system, with four layers below the top scintillator
and four layers above the bottom scintillator,
which determines the particle trajectory through
the instrument, with a resolution of !1 mm in
both X- and Y-directions, (3) a RICH counter, 3 m
high and 1:5" 1:5 m2 in area, filling the center of
the detector volume. An array of spherical mirror
segments is located at the bottom of the RICH

counter, and the position-sensitive photon detector
is on the top. A lead plate, 2 radiation lengths
thick (1.12 cm) covers the entire instrument aper-
ture above the RICH counter. The lead layer re-
duces the electron background by either absorbing
low energy electrons or inducing electromagnetic
showers, allowing the event to be rejected by data
cuts.

The following sections describe the relevant
characteristics of these subsystems.

3.2. Scintillators

Each of the two scintillators consists of a
1:5" 1:5 m2 sheet, 1 cm thick, of NE110 plastic
scintillating material enclosed within a light inte-
gration box. Each box is viewed by twelve 12.5
cm diameter photomultiplier tubes (PMTs). The
anode signals from the PMTs are summed for the
top and bottom scintillators, respectively, and
form a coincidence trigger. To determine the nu-
clear charge via the Z2 dependence of ionization
loss, the last dynode signal from each PMT is
read out through a charge amplifier and digitized
with 8 bit analog to digital conversion. In addi-
tion, eight fast PMTs with 5 cm diameter are used
on each scintillator to provide a time-of-flight
measurement. This was deemed to be useful to
reject upward moving albedo particles. However,
we find that such particles do not present a sig-
nificant background.

3.3. Hodoscope

The hodoscope consists of two identical sets of
four drift proportional chambers, located above
and below the RICH counter, respectively. Each
set has one pair of chambers oriented in the
X-direction, and one pair in the Y-direction. The
chambers are operated under continuous flow of
an argon/methane mixture (95:5).

Each chamber, with an area of 1:5" 1:5 m2,
and thickness 2.5 cm, is enclosed by aluminized
Mylar windows. The chamber is divided into seven
parallel drift cells, each 20 cm wide with a sense
wire at the center. Fig. 2 shows a section of two
hodoscope planes. The aluminum coating of the
Mylar windows is etched into strips which areFig. 1. Schematic cross-section of the instrument.
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A large ring-imaging "CCerenkov telescope (RICH-II) was flown on a high altitude balloon from Fort Sumner, New
Mexico, USA in October 1997. This instrument is designed to determine the energy spectra of light cosmic-ray nuclei
over the energy range 30–150 GeV/n through a precise measurement of the angle of "CCerenkov emission from each
particle. We give details about the design and performance of the instrument and present results on the absolute in-
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1. Introduction

Protons and helium-nuclei are by far the most
abundant cosmic-ray nuclei at energies where the
elemental composition of cosmic rays is known.
In the relativistic regime (EP 10 GeV/n), the en-
ergy spectra of these two species as observed in a
number of experiments [1–8] are characterized by
power laws in energy / E!a, with similar spectral
indices, a " 2:75. Taking the effects of interstellar

propagation into account, this is consistent with a
model in which all nuclear cosmic-ray species are
accelerated with the same energy spectrum /
E!2:15 at the sources [9]. However, the existing
data are still affected by sizeable statistical and
systematic uncertainties, precluding the determi-
nation of the spectral index to better than da "
#0:1, and with uncertainties in the absolute in-
tensities of at least #25%, even in the measure-
ments reported in recent years. One experiment
has reported that at very high energy (above $1
TeV/n), the spectral slope of helium is slightly
flatter than that of protons [10]. This is unex-
pected for a cosmic-ray acceleration process which
depends only on the magnetic rigidity of the
particles.
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scintillator: 1.5 m x 1.5 m NE110 plastic scintillator, 
1 cm thick
viewed by twelve 12.5 cm diameter PMTs

hodoscope filled with argon/methane 95:5

connected to a voltage divider such as to provide a
uniform drift field towards the sense wire. The
drift speed of electrons is about 3.8 cm/ls. After a
particle trigger, the signal generated at the sense
wire is read out every 30 ns and fed to a three level
discriminator. The time structure of the signal is
used to measure the distance of the particle tra-
jectory from the sense wire. The left–right ambi-
guity in the measurement is resolved by the second
chamber of the pair which is identical to the first,
but has the drift cells displaced by half a cell width.
The total signal induced on the cathode plane
adjacent to the sense wire is integrated and pulse-
height analyzed with 12-bit resolution to provide
additional information on the particle charge from
the ionization losses in the gas.

3.4. Photon detector

The position-sensitive photon detector is the
most delicate component of the RICH counter. It
consists of an array of six separate MWPC’s filled
with ethane, each 64! 48 cm2 in area, and is en-
tirely new in design as compared to that used in the
first flight of this instrument [11]. The cathode
planes are segmented into 1 cm2 pads for a total of
18,432 pads, and position sensitivity is achieved by
measuring the signals induced on the individual
cathode pads. In order to ensure transmission of
the !CCerenkov light in the UV, fused silica is used
for the entrance windows.

Photosensitivity is achieved with the introduc-
tion of TMAE. The combination of the low ion-
ization threshold of TMAE (5.36 eV) and the

wavelength cutoff of the fused silica entrance
windows gives the photon detectors an active
wavelength region between 160 and 220 nm.

Fig. 3 shows a section of the photon detector.
One anode and two cathode planes establish the
electrical field configuration within the chamber.
One cathode plane is formed from an array of 1
cm2 square cathode pads etched on a multilayer
printed circuit board while the other is formed by a
layer of wires adjacent to the fused silica window.
The anode consists of a plane of 25 lm diameter
gold-plated tungsten wires with 5 mm pitch lo-
cated 2 mm above the cathode pad plane and 25
mm from the other cathode plane. The close
proximity of the pad plane to the anode wires is
necessary to maximize the induced signal on a
single pad. Single photoelectron signals typically
have a size from 3 to 8 fC and may occasionally be
spread out over a few adjacent pads.

The overall thickness of the chamber (27 mm)
is chosen to optimize the TMAE photoconversion
efficiency without requiring an unmanageably high
voltage level on the cathode wire plane. Prototype
tests indicate that the depth of 27 mm, is equivalent
to 85% of an absorption length for TMAE main-
tained at a vapor pressure of 0.301 Torr (set by
bubbling ethane through liquid TMAE at 20!) [13].

Fig. 3. Schematic cross-section of the photon detecting cham-
ber.

Fig. 2. Schematic cross-section view of hodoscope operation.
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3. The detector system

3.1. Overview

In the following we shall briefly describe the
instrument. Fig. 1 instrument shows a schematic
cross-section of the detector system. It consists
of three components: (1) two plastic scintillator
sheets on top and bottom which measure the nu-
clear charge of each traversing particle, provide a
fast coincidence trigger, and perform a time-of-
flight measurement to determine the direction of
particle traversal, (2) a drift chamber hodoscope
system, with four layers below the top scintillator
and four layers above the bottom scintillator,
which determines the particle trajectory through
the instrument, with a resolution of !1 mm in
both X- and Y-directions, (3) a RICH counter, 3 m
high and 1:5" 1:5 m2 in area, filling the center of
the detector volume. An array of spherical mirror
segments is located at the bottom of the RICH

counter, and the position-sensitive photon detector
is on the top. A lead plate, 2 radiation lengths
thick (1.12 cm) covers the entire instrument aper-
ture above the RICH counter. The lead layer re-
duces the electron background by either absorbing
low energy electrons or inducing electromagnetic
showers, allowing the event to be rejected by data
cuts.

The following sections describe the relevant
characteristics of these subsystems.

3.2. Scintillators

Each of the two scintillators consists of a
1:5" 1:5 m2 sheet, 1 cm thick, of NE110 plastic
scintillating material enclosed within a light inte-
gration box. Each box is viewed by twelve 12.5
cm diameter photomultiplier tubes (PMTs). The
anode signals from the PMTs are summed for the
top and bottom scintillators, respectively, and
form a coincidence trigger. To determine the nu-
clear charge via the Z2 dependence of ionization
loss, the last dynode signal from each PMT is
read out through a charge amplifier and digitized
with 8 bit analog to digital conversion. In addi-
tion, eight fast PMTs with 5 cm diameter are used
on each scintillator to provide a time-of-flight
measurement. This was deemed to be useful to
reject upward moving albedo particles. However,
we find that such particles do not present a sig-
nificant background.

3.3. Hodoscope

The hodoscope consists of two identical sets of
four drift proportional chambers, located above
and below the RICH counter, respectively. Each
set has one pair of chambers oriented in the
X-direction, and one pair in the Y-direction. The
chambers are operated under continuous flow of
an argon/methane mixture (95:5).

Each chamber, with an area of 1:5" 1:5 m2,
and thickness 2.5 cm, is enclosed by aluminized
Mylar windows. The chamber is divided into seven
parallel drift cells, each 20 cm wide with a sense
wire at the center. Fig. 2 shows a section of two
hodoscope planes. The aluminum coating of the
Mylar windows is etched into strips which areFig. 1. Schematic cross-section of the instrument.
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1. Introduction

Protons and helium-nuclei are by far the most
abundant cosmic-ray nuclei at energies where the
elemental composition of cosmic rays is known.
In the relativistic regime (EP 10 GeV/n), the en-
ergy spectra of these two species as observed in a
number of experiments [1–8] are characterized by
power laws in energy / E!a, with similar spectral
indices, a " 2:75. Taking the effects of interstellar

propagation into account, this is consistent with a
model in which all nuclear cosmic-ray species are
accelerated with the same energy spectrum /
E!2:15 at the sources [9]. However, the existing
data are still affected by sizeable statistical and
systematic uncertainties, precluding the determi-
nation of the spectral index to better than da "
#0:1, and with uncertainties in the absolute in-
tensities of at least #25%, even in the measure-
ments reported in recent years. One experiment
has reported that at very high energy (above $1
TeV/n), the spectral slope of helium is slightly
flatter than that of protons [10]. This is unex-
pected for a cosmic-ray acceleration process which
depends only on the magnetic rigidity of the
particles.
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connected to a voltage divider such as to provide a
uniform drift field towards the sense wire. The
drift speed of electrons is about 3.8 cm/ls. After a
particle trigger, the signal generated at the sense
wire is read out every 30 ns and fed to a three level
discriminator. The time structure of the signal is
used to measure the distance of the particle tra-
jectory from the sense wire. The left–right ambi-
guity in the measurement is resolved by the second
chamber of the pair which is identical to the first,
but has the drift cells displaced by half a cell width.
The total signal induced on the cathode plane
adjacent to the sense wire is integrated and pulse-
height analyzed with 12-bit resolution to provide
additional information on the particle charge from
the ionization losses in the gas.

3.4. Photon detector

The position-sensitive photon detector is the
most delicate component of the RICH counter. It
consists of an array of six separate MWPC’s filled
with ethane, each 64! 48 cm2 in area, and is en-
tirely new in design as compared to that used in the
first flight of this instrument [11]. The cathode
planes are segmented into 1 cm2 pads for a total of
18,432 pads, and position sensitivity is achieved by
measuring the signals induced on the individual
cathode pads. In order to ensure transmission of
the !CCerenkov light in the UV, fused silica is used
for the entrance windows.

Photosensitivity is achieved with the introduc-
tion of TMAE. The combination of the low ion-
ization threshold of TMAE (5.36 eV) and the

wavelength cutoff of the fused silica entrance
windows gives the photon detectors an active
wavelength region between 160 and 220 nm.

Fig. 3 shows a section of the photon detector.
One anode and two cathode planes establish the
electrical field configuration within the chamber.
One cathode plane is formed from an array of 1
cm2 square cathode pads etched on a multilayer
printed circuit board while the other is formed by a
layer of wires adjacent to the fused silica window.
The anode consists of a plane of 25 lm diameter
gold-plated tungsten wires with 5 mm pitch lo-
cated 2 mm above the cathode pad plane and 25
mm from the other cathode plane. The close
proximity of the pad plane to the anode wires is
necessary to maximize the induced signal on a
single pad. Single photoelectron signals typically
have a size from 3 to 8 fC and may occasionally be
spread out over a few adjacent pads.

The overall thickness of the chamber (27 mm)
is chosen to optimize the TMAE photoconversion
efficiency without requiring an unmanageably high
voltage level on the cathode wire plane. Prototype
tests indicate that the depth of 27 mm, is equivalent
to 85% of an absorption length for TMAE main-
tained at a vapor pressure of 0.301 Torr (set by
bubbling ethane through liquid TMAE at 20!) [13].

Fig. 3. Schematic cross-section of the photon detecting cham-
ber.

Fig. 2. Schematic cross-section view of hodoscope operation.
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3. The detector system

3.1. Overview

In the following we shall briefly describe the
instrument. Fig. 1 instrument shows a schematic
cross-section of the detector system. It consists
of three components: (1) two plastic scintillator
sheets on top and bottom which measure the nu-
clear charge of each traversing particle, provide a
fast coincidence trigger, and perform a time-of-
flight measurement to determine the direction of
particle traversal, (2) a drift chamber hodoscope
system, with four layers below the top scintillator
and four layers above the bottom scintillator,
which determines the particle trajectory through
the instrument, with a resolution of !1 mm in
both X- and Y-directions, (3) a RICH counter, 3 m
high and 1:5" 1:5 m2 in area, filling the center of
the detector volume. An array of spherical mirror
segments is located at the bottom of the RICH

counter, and the position-sensitive photon detector
is on the top. A lead plate, 2 radiation lengths
thick (1.12 cm) covers the entire instrument aper-
ture above the RICH counter. The lead layer re-
duces the electron background by either absorbing
low energy electrons or inducing electromagnetic
showers, allowing the event to be rejected by data
cuts.

The following sections describe the relevant
characteristics of these subsystems.

3.2. Scintillators

Each of the two scintillators consists of a
1:5" 1:5 m2 sheet, 1 cm thick, of NE110 plastic
scintillating material enclosed within a light inte-
gration box. Each box is viewed by twelve 12.5
cm diameter photomultiplier tubes (PMTs). The
anode signals from the PMTs are summed for the
top and bottom scintillators, respectively, and
form a coincidence trigger. To determine the nu-
clear charge via the Z2 dependence of ionization
loss, the last dynode signal from each PMT is
read out through a charge amplifier and digitized
with 8 bit analog to digital conversion. In addi-
tion, eight fast PMTs with 5 cm diameter are used
on each scintillator to provide a time-of-flight
measurement. This was deemed to be useful to
reject upward moving albedo particles. However,
we find that such particles do not present a sig-
nificant background.

3.3. Hodoscope

The hodoscope consists of two identical sets of
four drift proportional chambers, located above
and below the RICH counter, respectively. Each
set has one pair of chambers oriented in the
X-direction, and one pair in the Y-direction. The
chambers are operated under continuous flow of
an argon/methane mixture (95:5).

Each chamber, with an area of 1:5" 1:5 m2,
and thickness 2.5 cm, is enclosed by aluminized
Mylar windows. The chamber is divided into seven
parallel drift cells, each 20 cm wide with a sense
wire at the center. Fig. 2 shows a section of two
hodoscope planes. The aluminum coating of the
Mylar windows is etched into strips which areFig. 1. Schematic cross-section of the instrument.
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1. Introduction

Protons and helium-nuclei are by far the most
abundant cosmic-ray nuclei at energies where the
elemental composition of cosmic rays is known.
In the relativistic regime (EP 10 GeV/n), the en-
ergy spectra of these two species as observed in a
number of experiments [1–8] are characterized by
power laws in energy / E!a, with similar spectral
indices, a " 2:75. Taking the effects of interstellar

propagation into account, this is consistent with a
model in which all nuclear cosmic-ray species are
accelerated with the same energy spectrum /
E!2:15 at the sources [9]. However, the existing
data are still affected by sizeable statistical and
systematic uncertainties, precluding the determi-
nation of the spectral index to better than da "
#0:1, and with uncertainties in the absolute in-
tensities of at least #25%, even in the measure-
ments reported in recent years. One experiment
has reported that at very high energy (above $1
TeV/n), the spectral slope of helium is slightly
flatter than that of protons [10]. This is unex-
pected for a cosmic-ray acceleration process which
depends only on the magnetic rigidity of the
particles.
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of about 0.2 Torr  and an absorption length of roughly 5 
cm comparable to the thickness of the chambers. 

2.5. Gas system and thermal control 

During the balloon flight gas is continuously purged 
through the hodoscopes and the photon detectors, The 
gas flow to each of the detectors can be commanded 
on or off separately from the ground. All gas from 
these systems exits into the volume of the balloon 
gondola. A system was devised to periodically vent the 
gondola to the outside. This consisted of a pressure 
transducer coupled by an electrical threshold circuit to 
a series of redundant  solenoid valves which maintained 
the gondola pressure to 670_+ 5 Torr  throughout the 
flight. 

The hodoscope gas system consisted of a supply 
tank and pressure regulator and eight needle valves 
adjusted to provide ~ 20 l / h  through each drift cham- 
ber. The flight gas system used for the photon cham- 
bers in shown in fig. 4. During operation e t h a n e /  
T M A E  flows at ~ 40 l / h  through each photon cham- 
ber. There are two major problems associated with 
constructing a T M A E  gas system for a high altitude 
balloon instrument. First, electrical power is at a pre- 
mium. Second, used T M A E / e t h a n e  must be disposed 

TMAE bubbler Photon Chamber FI . . . .  ter .  _ _  ~ ~ - ~  

Needle valve " ~ ' - - . . ~  ~ @  

¢ 
Thermal Oxisorb 

@ Ethane supply 

Cold finger ~ Control 

ry ice bath 

Fig. 4. Photon chamber TMAE/ethane gas system and con- 
trol. 

of safely. As T M A E  is highly corrosive, it cannot 
simply be released into the pressure shell. Therefore,  a 
dewar containing a mixture of dry ice and ethyl alcohol 
is used with a cold trap to freeze out the T M A E  
emerging from the photon chambers (see fig. 4). In 
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3. The detector system

3.1. Overview

In the following we shall briefly describe the
instrument. Fig. 1 instrument shows a schematic
cross-section of the detector system. It consists
of three components: (1) two plastic scintillator
sheets on top and bottom which measure the nu-
clear charge of each traversing particle, provide a
fast coincidence trigger, and perform a time-of-
flight measurement to determine the direction of
particle traversal, (2) a drift chamber hodoscope
system, with four layers below the top scintillator
and four layers above the bottom scintillator,
which determines the particle trajectory through
the instrument, with a resolution of !1 mm in
both X- and Y-directions, (3) a RICH counter, 3 m
high and 1:5" 1:5 m2 in area, filling the center of
the detector volume. An array of spherical mirror
segments is located at the bottom of the RICH

counter, and the position-sensitive photon detector
is on the top. A lead plate, 2 radiation lengths
thick (1.12 cm) covers the entire instrument aper-
ture above the RICH counter. The lead layer re-
duces the electron background by either absorbing
low energy electrons or inducing electromagnetic
showers, allowing the event to be rejected by data
cuts.

The following sections describe the relevant
characteristics of these subsystems.

3.2. Scintillators

Each of the two scintillators consists of a
1:5" 1:5 m2 sheet, 1 cm thick, of NE110 plastic
scintillating material enclosed within a light inte-
gration box. Each box is viewed by twelve 12.5
cm diameter photomultiplier tubes (PMTs). The
anode signals from the PMTs are summed for the
top and bottom scintillators, respectively, and
form a coincidence trigger. To determine the nu-
clear charge via the Z2 dependence of ionization
loss, the last dynode signal from each PMT is
read out through a charge amplifier and digitized
with 8 bit analog to digital conversion. In addi-
tion, eight fast PMTs with 5 cm diameter are used
on each scintillator to provide a time-of-flight
measurement. This was deemed to be useful to
reject upward moving albedo particles. However,
we find that such particles do not present a sig-
nificant background.

3.3. Hodoscope

The hodoscope consists of two identical sets of
four drift proportional chambers, located above
and below the RICH counter, respectively. Each
set has one pair of chambers oriented in the
X-direction, and one pair in the Y-direction. The
chambers are operated under continuous flow of
an argon/methane mixture (95:5).

Each chamber, with an area of 1:5" 1:5 m2,
and thickness 2.5 cm, is enclosed by aluminized
Mylar windows. The chamber is divided into seven
parallel drift cells, each 20 cm wide with a sense
wire at the center. Fig. 2 shows a section of two
hodoscope planes. The aluminum coating of the
Mylar windows is etched into strips which areFig. 1. Schematic cross-section of the instrument.
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Abstract

A large ring-imaging "CCerenkov telescope (RICH-II) was flown on a high altitude balloon from Fort Sumner, New
Mexico, USA in October 1997. This instrument is designed to determine the energy spectra of light cosmic-ray nuclei
over the energy range 30–150 GeV/n through a precise measurement of the angle of "CCerenkov emission from each
particle. We give details about the design and performance of the instrument and present results on the absolute in-
tensity of cosmic-ray protons and helium nuclei. The observed ratio of proton to helium intensities does not change
significantly over this energy range. We also find that the abundances of protons and helium nuclei at 100 GeV/n at the
cosmic-ray source relative to elemental galactic abundances are much smaller than those of other elements with
comparable first ionization potential.
! 2002 Published by Elsevier Science B.V.
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1. Introduction

Protons and helium-nuclei are by far the most
abundant cosmic-ray nuclei at energies where the
elemental composition of cosmic rays is known.
In the relativistic regime (EP 10 GeV/n), the en-
ergy spectra of these two species as observed in a
number of experiments [1–8] are characterized by
power laws in energy / E!a, with similar spectral
indices, a " 2:75. Taking the effects of interstellar

propagation into account, this is consistent with a
model in which all nuclear cosmic-ray species are
accelerated with the same energy spectrum /
E!2:15 at the sources [9]. However, the existing
data are still affected by sizeable statistical and
systematic uncertainties, precluding the determi-
nation of the spectral index to better than da "
#0:1, and with uncertainties in the absolute in-
tensities of at least #25%, even in the measure-
ments reported in recent years. One experiment
has reported that at very high energy (above $1
TeV/n), the spectral slope of helium is slightly
flatter than that of protons [10]. This is unex-
pected for a cosmic-ray acceleration process which
depends only on the magnetic rigidity of the
particles.
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Fig. 6 shows a !CCerenkov ring from a proton as
imaged in the photon detector. The six separate
photon chambers outlined in rectangles, and in-
dividual pads hits are shown as small squares. The
ionization cluster appears as the group of hits at
the top left. The fitted ring is the circle on the right.
The predicted and fitted ring center are the cross
and star, respectively. For this flight, damage to
two of the photon detector sections (middle left
and top right) made them inoperable. This reduced
the effective overall instrument aperture and is
taken into account by the simulations discussed
later.

5.4. !CCerenkov response and energy calibration

The RICH response is characterized by just one
parameter: the maximum ring size, rmax, which is

related to the index of refraction of the !CCerenkov
gas and defines the energy calibration of the de-
tector. The relation between the threshold Lorentz
factor, c0, and rmax is 1=c0 ¼ hmax ¼ 2rmax=R where
R is the radius of curvature of the spherical mirror.
The histogram in Fig. 7 shows the distribution of
the number of detected rings versus the ring radius
r. The distribution clearly peaks around a maxi-
mum ring radius of about 11 cm.

A precise value of rmax is determined by com-
paring the measured ring distribution of Fig. 7
with simulated data. The simulation passes parti-
cles of known Lorentz factor through a computer
model of the detector which includes the detector
geometries and sensitive areas. !CCerenkov photons
are generated along the particle track assuming
Poisson statistics and propagated to the photon
detector. The photo-efficiency of the detector is
adjusted such that the simulation generates the
same photo electron yield as observed in the real
data. For each simulated event, the ring radius and
Lorentz factor are then determined, using the same
analysis routines as for real events. The Monte-
Carlo (MC) simulation assumes an incoming iso-
tropic cosmic-ray flux with spectral index 2.75.
The simulation treats rmax as a free parameter, and

Fig. 6. A single event in the photon detecting chambers. The
sensitive areas of the six chambers are shown as rectangles.
Detector pads hit are shown as small black squares. The in-
coming particle produced a ring image of four clusters in the
bottom right, the circle shows the fitted ring. The cross is the
ring center predicted from the track fit, the star is the fitted
center from the clusters detected. At the top left the incoming
particle passed through the detector, leaving a cluster of hits.
Other pads shown as hits are background.

Fig. 7. The distribution of fitted ring radii versus radius. The
dashed curves are from the detector simulation.
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particles through the water. The tank height of 1.2 m makes it also
sensitive to high energy photons, which convert to electron–
positron pairs in the water volume.

Each surface detector station is self-contained. A solar power
system provides an average of 10 W for the PMTs and electronics
package consisting of a processor, GPS receiver, radio transceiver
and power controller. The components of a surface detector
station are shown in Fig. 3. Ref. [42] describes the surface detector
in detail.

Figure 1 shows the layout of the surface array and the FD
buildings at its periphery.

3.2. The SD station

The tanks are made of polyethylene using the rotational molding,
or rotomolding, process. This process, in simplified form, consists of
putting a set amount of polyethylene resin inside a mold, then
rotating the mold and heating it until the resin has melted and
uniformly coated the interior walls of the mold. The result is a low
cost, tough, and uniform tank with robustness against the environ-
mental elements. The carefully selected, custom compounded poly-
ethylene resins contained additives to enhance ultraviolet protection.
The interior two-thirds of the wall thickness was compounded with
1% carbon black to guarantee light-tightness. The outer one-third was
colored beige to blend with the landscape. The tanks have an average
wall thickness of 1.3 cm and a nominal weight of 530 kg. The tanks
do not exceed 1.6 m in height so that they can be shipped over the
roads within transportation regulations.

Three hatches, located above the PMTs, provide access to the
interior of the tank for water filling. They also provide access for
installation and servicing of the interior parts. The hatches are
covered with light- and water-tight polyethylene hatchcovers. For
reasons of cost, durability, and ease of installation, the gaskets
sealing the hatchcovers to the tanks may not be perfectly leak-
tight, so the hatches are elevated to prevent accumulated water
from collecting at the gasket. One hatchcover is larger than the
other two and accommodates the electronics on its top surface.
The electronics is protected by an aluminium dome that keeps out
rain and dust. The tanks also possess molded-in lugs, six for lifting
and four additional lugs to support the solar panel and antenna
mast assembly.

Electrical power is provided by two 55 Wp (watt-peak) solar
panels which feed two 12 V, 105 Ah, lead-acid, low maintenance
batteries wired in series to produce a 24 V system. Power is

expected to be available over 99% of the time. Batteries are
charged through a commercial charge controller, which is epoxy
encapsulated and has robust surge protection. The electronics
assembly at each SD station possesses a Tank Power Control Board
(TPCB) which monitors the power system operation. The TPCB also
has a control function which allows the remote operator to set into
hibernation any (or all) of the SD stations if the charge of the
batteries falls below a critical level. There is enough reserve in the
solar power system that this feature has not yet been employed.

The batteries are accommodated in a rotationally molded
polyethylene battery box. Since battery lifetime is reduced with
increased temperature, the battery box is protected from direct
sunlight by installing it on the shaded side of the tank. It is also
insulated with polystyrene foam plates to minimize high tem-
perature excursions during the day. The box is anchored by a plate
which extends under the tank. Power cables run through the tank
interior top from feedthroughs in the large hatch to the far side of
the tank, where they exit the tank to run to the battery box. The
cables are protected from the point where they exit the tank to the
entry of the battery box by a polyethylene pipe.

The solar panels are mounted on aluminium brackets, which
also support a mast. Antennas for radio communication and GPS
reception are mounted at the top of this mast. The mast-and-
bracket system is designed to withstand 160 km/h winds.

The tank liners are right circular cylinders made of a flexible
plastic material conforming approximately to the inside surface of
the tanks up to a height of 1.2 m. They enclose the water volume,
provide a light-tight environment and diffusively reflect the
Cherenkov light produced in the water volume. The liners are
produced from a laminate composed of an opaque three-layer
coextruded low-density polyethylene (LDPE) film bonded to a
5.6 mils (0.14 mm) thick layer of DuPontTMTyveks 1025-BL3 by a
layer of titanium dioxide pigmented LDPE of 1.1 mils (28 μm)
thickness. The three-layer coextruded film consists of a 4.5 mils
(0.11 mm) thick carbon black loaded LDPE formulated to be
opaque to single photons, sandwiched between layers of clear
LDPE to prevent any carbon black from migrating into the water
volume. Custom designing the laminate materials has resulted in a
durable, flexible liner.

The liner has three windows through which the PMTs look into
the water volume from above. These windows are made of UV-
transparent linear low-density polyethylene. Each PMT is optically
coupled to a window with optical GE silicone RTV-6196 and
shielded above by a light-tight plastic cover, designated as the

Fig. 3. A schematic view of a surface detector station in the field, showing its main
components.

Fig. 4. Mechanical housing for the SD PMT. Top to bottom: outer plastic housing
(fez), insulating lug, PMT, flange, and UV-transparent window.

3 E.I. du Pontde Nemours and Co., Wilmington, Delaware, USA. www.dupont.
com.
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The slow control system (SCS) assures a secure remote opera-
tion of the FD system. The SCS works autonomously and con-
tinuously monitors detector and weather conditions. Commands
from the remote operator are accepted only if they do not violate
safety rules that depend on the actual experimental conditions:
high voltage, wind speed, rain, light levels inside/outside the
buildings, etc. In case of external problems, such as power failures
or communication breakdowns, the SCS performs an orderly
shutdown, and also a subsequent start up of the fluorescence
detector system if the conditions have changed. If parts of the SCS
itself fail, the system automatically reverts to a secure mode so
that all critical system states (open shutters, high voltage on, etc.)
are actively maintained.

The observation of air showers via fluorescence light is possible
only at night. Moreover, night sky brightness should be low and
thus nights without a significant amount of direct or scattered
moonlight are required. We also require that the sun be lower than
181 below the horizon, the moon remain below the horizon for
longer than 3 h, and that the illuminated fraction of the moon be

less than 70% in the middle of the night. The mean length of the
dark observation period is then 17 nights each month.

The on-time of the FD telescopes is currently !15%. The value
varies slightly between telescopes depending on the telescope
pointing and various hardware or software factors. The main
remaining source of downtime is weather. The telescopes are not
operated when the weather conditions become dangerous (high
wind speed, rain, snow, etc.) and when the observed sky bright-
ness (caused mainly by scattered moonlight) is too high.

5. Data communications system

The detector systems of the Observatory are deployed at widely
dispersed positions over a very large area. To send commands and
receive data from the four individual FD sites and from 1660 SD
stations in the field, a bidirectional radio frequency telecommuni-
cation network has been designed and deployed. The reliability of
the network is critical to the function of the Observatory, particu-
larly in the context of controlling the experiment, identifying
event triggers, and collecting data recorded at each detector for
each air shower event.

For Auger, a custom designed system based on a two-layer
hierarchy has been implemented. Individual surface detector
stations are connected by a custom WLAN which is sectorized
and supported by four concentration nodes. The WLAN is serviced
by a high capacity microwave backbone network which also
supports communications between the four fluorescence detector
sites and the main campus data acquisition and control center.
Figure 11 shows a conceptual schematic of the overall layout of the
data communication system for the Observatory. Table 1 lists the
main performance characteristics.

5.1. The microwave backbone network

The top layer of the Auger data communications system is a
34 Mbps backbone network made from commercial, point-to-
point, dish mounted equipment operating in the 7 GHz band.

Fig. 10. The relative efficiency between 280 nm and 430 nm measured for
telescope 3 at Coihueco. The curve is taken relative to the efficiency of the
telescope at 375 nm.
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Fig. 11. Conceptual schematic of the overall radio telecommunications system for the Pierre Auger Observatory.
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wireless communication system

Receivers and transmitters are mounted on five communications
towers located at the perimeter of the array as depicted in Fig. 12.
The microwave backbone provides high speed network commu-
nications to nodes at all four FD sites and with the main campus.

The microwave backbone, depicted schematically in Fig. 13,
consists of a set of paired links providing sufficient capacity to
stream data to and from each of the FD sites as well as for
collecting data from the individual surface stations.

5.2. Wireless LAN

The bottom layer of the Auger communication system consists
of an extended WLAN comprising custom designed units operat-
ing in the 902–928 MHz ISM band. A point-to-point bidirectional
communications link is established between each surface detector
station and one of four communication concentrator nodes

mounted on the four towers located at each of the fluorescence
detector sites. Communication is achieved in a manner similar to a
cellular telephone system by dividing the array into 28 sectors,
each of which contains up to 68 stations.

Communications operations at each surface station are gov-
erned by a custom-built programmable subscriber unit used to
mediate the transmission and reception of digital data between
the electronics board of a surface detector and the concentrator
node. An analogous custom-built unit, called a base station unit,
mediates data transfer between each concentrator node and the
backbone network connection at each tower.

5.3. Time division multiple access

Transmissions to and from the stations are synchronized by
GPS timing so that each station is assigned a particular time slot
during which it is available to send and receive data. This time
division multiple access (TDMA) scheme provides a contention
free communication environment within the array. A one-second
data frame includes 68 uplink slots for collecting data from the
array and 6 downlink slots for sending trigger requests and other
commands to the stations. An additional 11 slots are reserved for
network management, monitoring, and packet error control. The
assignment of individual time slots within the 1-s TDMA frame is
shown in Fig. 14. This makes available an effective bandwidth of at
least 1200 bps uplink for each surface station and a 2400 bps for
broadcast downlink.

5.4. Error handling

A central requirement of the Auger WLAN system for collecting
data from the surface detector stations is very high reliability. In
the wake of a typical trigger, digitized data from PMT traces and
other detector information must be relayed promptly to the CDAS

Table 1
Performance summary for the radio data communications system for the Pierre
Auger Observatory.

Microwave backbone network

Links 4
Frequency 7 GHz
Data rate 24 Mbps

Wireless LAN

Nodes 1660
Frequency 902–928 MHz ISM band
Protocol TDMA, custom
Subscriber unit over-air rate 200 kbps
Effective payload rate 1200 bps uplink
Typical daily data packet loss rate Less than 0.002%

Fig. 12. One of the five communications towers: the one shown is deployed at the
Los Leones site; see Fig. 11.

Fig. 13. Configuration of the high capacity microwave backbone network that
connects the four FD sites with the main campus control and data acquisition
center in Malargüe.

Fig. 14. A single GPS synchronized 1 s TDMA frame is broken in time slots
as shown.
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above 3! 1018 eV. Second, it allows and identifies cross-triggers
(hybrid events) between the FD and SD systems. Triggers from the
FD use separate algorithms but are forwarded to the SD system to
construct the hybrid data set (see below).

The local DAQ system of each SD station is designed to generate
low level triggers (T2) as described in Section 3.5. The time stamps
of these triggers are sent every second to the CDAS. The T2
requirements are such that the average rate is always around
20–25 Hz so that at least 50% of the bandwidth is free for data
transmission. This limitation does not reduce the global trigger
efficiency (see below). At the CDAS, the T2s received from all
stations are stored in a data block stamped according to the
second to which they correspond. This information also allows
us to acquire the status of all stations of the array at each second.
Once a block has existed for a time greater than the maximum
transit time across the radio network (5 s), it is transmitted to the
“Central Trigger” processor and discarded.

The Central Trigger, or third level trigger T3, initiates the central
data acquisition from the array in the three following conditions:

1. A main trigger condition, corresponding to shower candidates,
is based on both the time and the spatial clustering of the local
triggers received from stations, and is described in detail below.

2. A random trigger is generated every N minutes by selecting one
of the T2s in an arbitrary manner, and promoting it to a T3.
Currently, N¼30 but values of 3 and 15 have also been used.
The purpose of this trigger is to randomly monitor the FADC
traces that satisfy the local trigger conditions and thus to verify
the efficiency of the global trigger processor.

3. A 2-fold coincidencewithin 1 μs of one of the two doublet stations,
two couples of neighboring stations (10 m distant). These occur at
0.8 Hz and are scaled to 0.0017 Hz for transmission.

To apply the main trigger condition, the system defines con-
centric hexagons centered on each station. The “Central Trigger”
processor is used to identify groups of stations that are clustered in
time and space as SD events. First, time clusters are sought by
centering a window of 725 μs on each T2. Clusters, with multi-
plicity of three or more, are then examined for spatial coincidences.

The main trigger condition is satisfied in two modes depending
on the local shower trigger conditions. A block diagram illustrating
the logic chain and approximate rates of these trigger modes is
shown in Fig. 15. The first mode requires the coincidence of at least
three detectors that have passed the T2-ToT trigger condition
(described in Section 3.5) and that meet the requirement
of a minimum of compactness, namely, one of the fired detectors
must have one of the other fired detectors in the first hexagon
of neighbors while another one is no further than the second

hexagon. The second mode is more permissive. It requires a 4-fold
coincidence of any type of T2 (T2-ToT or T2-TH) with moderate
compactness. Namely, among the four fired detectors, one station
may be as far away as the fourth hexagon, if a station is within the
first hexagon and another station is no further than the second
hexagon. Figure 16 illustrates the geometric requirements of the
two trigger modes.

Once the spatial coincidence is verified, final timing criteria are
imposed: each T2 must be within ð6 þ 5nÞ μs of the central station,
where n represents the hexagon number.

Once a trigger has been identified, a T3 message requesting
that all FADC trace information recorded within 30 μs of the
central T2 is built by the “Central Trigger” processor and for-
warded to the “Event Builder” and to the stations by the “Post
Master”. The trigger message is also stored locally by the “Infor-
mation Kernel”. To select which stations are asked for their traces
the system takes each station within six hexagons of each of the
stations whose T2 participated in the T3 construction. Addition-
ally, the “Central Trigger” process also stores the number of T2s for
each station recorded for monitoring purposes.

With the arrangements described above, the total T3 trigger
rate of the Observatory is presently of the order of 0.1 Hz and
about 3 million SD events are recorded yearly.

Fig. 15. Schematics of the hierarchy of the trigger system of the Auger surface detector.

Fig. 16. Four hexagons, containing stations, are illustrated around a central surface
station, for a portion of an ideal array. For a 3-fold coincidence, a T3 is issued if the
3 T2s are ToT, and if one of them is found in the first hexagon of the central station,
and the other one no further than the second hexagon. A 4-fold coincidence applies
to any kind of T2 and the additional station may be as distant as in the 4th hexagon.
Two examples of the topology of triggers are shown: a 4-fold coincidence in which
the triggered stations are identified by open blue squares, and a 3-fold coincidence
identified by open red circles.
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above 3! 1018 eV. Second, it allows and identifies cross-triggers
(hybrid events) between the FD and SD systems. Triggers from the
FD use separate algorithms but are forwarded to the SD system to
construct the hybrid data set (see below).

The local DAQ system of each SD station is designed to generate
low level triggers (T2) as described in Section 3.5. The time stamps
of these triggers are sent every second to the CDAS. The T2
requirements are such that the average rate is always around
20–25 Hz so that at least 50% of the bandwidth is free for data
transmission. This limitation does not reduce the global trigger
efficiency (see below). At the CDAS, the T2s received from all
stations are stored in a data block stamped according to the
second to which they correspond. This information also allows
us to acquire the status of all stations of the array at each second.
Once a block has existed for a time greater than the maximum
transit time across the radio network (5 s), it is transmitted to the
“Central Trigger” processor and discarded.

The Central Trigger, or third level trigger T3, initiates the central
data acquisition from the array in the three following conditions:

1. A main trigger condition, corresponding to shower candidates,
is based on both the time and the spatial clustering of the local
triggers received from stations, and is described in detail below.

2. A random trigger is generated every N minutes by selecting one
of the T2s in an arbitrary manner, and promoting it to a T3.
Currently, N¼30 but values of 3 and 15 have also been used.
The purpose of this trigger is to randomly monitor the FADC
traces that satisfy the local trigger conditions and thus to verify
the efficiency of the global trigger processor.

3. A 2-fold coincidencewithin 1 μs of one of the two doublet stations,
two couples of neighboring stations (10 m distant). These occur at
0.8 Hz and are scaled to 0.0017 Hz for transmission.

To apply the main trigger condition, the system defines con-
centric hexagons centered on each station. The “Central Trigger”
processor is used to identify groups of stations that are clustered in
time and space as SD events. First, time clusters are sought by
centering a window of 725 μs on each T2. Clusters, with multi-
plicity of three or more, are then examined for spatial coincidences.

The main trigger condition is satisfied in two modes depending
on the local shower trigger conditions. A block diagram illustrating
the logic chain and approximate rates of these trigger modes is
shown in Fig. 15. The first mode requires the coincidence of at least
three detectors that have passed the T2-ToT trigger condition
(described in Section 3.5) and that meet the requirement
of a minimum of compactness, namely, one of the fired detectors
must have one of the other fired detectors in the first hexagon
of neighbors while another one is no further than the second

hexagon. The second mode is more permissive. It requires a 4-fold
coincidence of any type of T2 (T2-ToT or T2-TH) with moderate
compactness. Namely, among the four fired detectors, one station
may be as far away as the fourth hexagon, if a station is within the
first hexagon and another station is no further than the second
hexagon. Figure 16 illustrates the geometric requirements of the
two trigger modes.

Once the spatial coincidence is verified, final timing criteria are
imposed: each T2 must be within ð6 þ 5nÞ μs of the central station,
where n represents the hexagon number.

Once a trigger has been identified, a T3 message requesting
that all FADC trace information recorded within 30 μs of the
central T2 is built by the “Central Trigger” processor and for-
warded to the “Event Builder” and to the stations by the “Post
Master”. The trigger message is also stored locally by the “Infor-
mation Kernel”. To select which stations are asked for their traces
the system takes each station within six hexagons of each of the
stations whose T2 participated in the T3 construction. Addition-
ally, the “Central Trigger” process also stores the number of T2s for
each station recorded for monitoring purposes.

With the arrangements described above, the total T3 trigger
rate of the Observatory is presently of the order of 0.1 Hz and
about 3 million SD events are recorded yearly.

Fig. 15. Schematics of the hierarchy of the trigger system of the Auger surface detector.

Fig. 16. Four hexagons, containing stations, are illustrated around a central surface
station, for a portion of an ideal array. For a 3-fold coincidence, a T3 is issued if the
3 T2s are ToT, and if one of them is found in the first hexagon of the central station,
and the other one no further than the second hexagon. A 4-fold coincidence applies
to any kind of T2 and the additional station may be as distant as in the 4th hexagon.
Two examples of the topology of triggers are shown: a 4-fold coincidence in which
the triggered stations are identified by open blue squares, and a 3-fold coincidence
identified by open red circles.
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Pierre Auger Observatory - Water Cherenkov Detector
to measure secondary particles in air showers

To monitor the whole array accurately, various sensors are
installed in every station. Temperature is measured on each PMT
base, on the electronics board, and on each battery. PMT voltage
and current are also monitored, as well as solar panel voltages,
individual battery voltage and charge current. The calibration
described in Section 3.4 is performed online every minute. A
number of quantities are computed to check the behavior of each
water Cherenkov detector: baseline values, single muon peak
signal, single muon average charge, dynode/anode ratio and PMT
stability. The monitoring and calibration data are sent to the CDAS
every 6 min. Dedicated software constantly parses the information
sent to the CDAS, independently of the acquisition processes, and
exports the data to the MySQL server.

As an example, we show in Fig. 18 the monitoring of the daily
average of the voltages of the two batteries of a tank. While the
value for Battery 1 is stable above 12 V, it can be seen that since 22
December 2013, the value of Battery 2 has been decaying and is
always below 12 V. When the voltage drops below 12 V for the
first time, an alarm is triggered for shifters, so that they can make
further checks on the history of the battery to understand the
origin of the decay. Once the value becomes lower than 11.5 V, a
more severe alarm is triggered to indicate that the battery should
be repaired or replaced.

A second example shows how the monitoring system is used to
clean the data. Figure 19 displays the evolution of the fraction of
PMTs that are rejected by the data analysis due to troubles
detected by studying the monitoring data. This number itself is
controlled within the monitoring system. The number of low-
quality PMTs increased after 2008 because the full array of nearly
5000 PMTs was now deployed, and the Observatory staff needed
to carefully balance maintenance priorities. Since 2008 the rate of

low-quality PMTs has been rather stable around 1%, except for a
specific period in 2009 when communication problems did not
allow reliable monitoring of the array. We chose to be conservative
and disregard doubtful data during this period (see Section 12).
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Fig. 17. Event 13357690: a typical vertical event of about 3! 1019 eV. Top left: The array seen from above with the 8 triggered stations. Top right: The fit to the lateral
distribution function (LDF) for this shower of zenith angle 281. Bottom: The FADC traces from 2 detectors at distances of 650 and 1780 m from the shower core. The signal
sizes are in units of VEM.
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Fig. 18. Evolution with time of the battery average night-time voltage of station
903 in December 2013.
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Fig. 19. Percentage of PMTs which do not satisfy the quality criteria among the
functioning ones, as a function of time.
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