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Background 
• We are developing this calorimeter for the Gamma-400 

project, planned to be installed on a Russian satellite 
•  I would like to present you this idea, to look for possible 

sinergies with HERD project 
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Which are the most important aspects of a calorimeter 
for high energy cosmic rays – space based experiment? 

Physics goal:  
•  High energy (~ TeV) electron to search for structures in the spectrum and 

to study close-by sources 
•  High energy (>1014 eV) proton and nuclei to study the knee region 

Requirements 
1.  Very large geometrical factor (few m2 sr) 
2.  Good electron and hadron energy resolution (~1-2% for e, 

~30% for hadrons) 
3.  Excellent electron/hadron separation (>105 rejection factor) 
4.  Reduced weight and power consumption (depend on the launch 

vehicle)  
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Our proposal:  
a cubic, homogeneous, isotropic calorimeter (I) 

• We propose a large cubic homogeneous calorimeter, made 
with many small cubes. The detector would thus be able to 
contain and measure showering particles impacting on all 
sides. 

1.  The Geometrical factor is multiplied by 5 wrt the 
traditional ‘top style’ geometry!!!! 
•  This idea is especially suited to a calorimeter which is the heaviest sub-

detector in the complete experiment. 
•  ‘Ancillary’ detectors are necessarily placed around the calorimeter, but 

these are extremely lightweight compared to the calorimeter itself ! (e.g. a 
charge measuring and trigger system). 

•  The small separation gaps in between the calorimeter cubes increase the 
size and hence the geometrical factor without increasing the weight, at the 
price of a small degradation in energy resolution. 

•  The bottom side can be used for mechanical support. 
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3.  Good electron and hadron energy resolution can be 
accomplished because of: 
•  Homogeneous detector (scintillating crystals) 
•  Very deep calorimeter for full e.m. shower containment up to very high 

energies 

4.  Excellent electron/hadron separation reached thanks to: 
•  Very fine granularity in every direction 
•  Small cube size ~ Moliere radius 

5.  Adjustable weight and power consumption: 
•  They can be easily adjusted to the launch vehicle limit simply rescaling 

the size (always keeping in mind the necessary depth for full shower 
containment!!! 

Our proposal:  
a cubic, homogeneous, isotropic calorimeter (II) 
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Additional details…. 
• Exercise made on the assumption that the detector’s only 

weight is ~ 1600 kg (Gamma-400 driven idea) 
•  Mechanical support is not included in the weight estimation 

• The optimal material is CsI(Tl) 
Density:   4.51 g/cm3 

X0:    1.85 cm 
Moliere radius:   3.5 cm 
λI:    37 cm 
Light yield:   54.000 ph/MeV 
τdecay:    1.3 µs 
λmax:    560 nm 

•  Simulation and prototype beam tests used to characterize 
the detector 
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The proposed configuration:  
CsI(Tl) ~ 1680 kg 

Cubes 

N×N×N 20×20×20  

L of small cube (cm) 3.6* 

Crystal volume (cm3) 46.7 

Gap (cm) 0.3 

Mass (Kg) 1683 

N.Crystals 8000 

Size (cm3) 78.0×78.0×78.0 

Depth  (R.L.) 
   “        (I.L.) 

39×39×39 
1.8×1.8×1.8 

Planar GF (m2sr) ** 1.91 

(* one Moliere radius) 
(** GF for only one face) 

Very deep!!!! 
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78 cm
=

20 crystals 

Kapton cables for readout 

3 mm gap btw crystals 

2 photodiodes/crystal 
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The readout sensors 
• Minimum 2 Photo Diodes are necessary to cover the 

whole huge dynamic range  
•  1 MIPà107 MIPS, since Emax in one crystal ~ 0.1 Etot 

•  Large Area Excelitas VTH2090 9.2 x 9.2 mm2 for small 
signals à Inserted in the simulation! 

•  Small area 0.5 x 0.5 mm2 for large signals 

• Two independent readout channels will be used 
• Details later on! 
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Simulation  
•  FLUKA based simulation 
•  Planar generation surface on one of the 5 faces 
•  Results valid also for the other faces! 
•  Carbon fiber in between crystals (3 mm gaps) 
•  Large photodiode is inserted on the crystal in the simulation 

•  We take into account also the energy release in the Photodiode itself! 
•  Results are valid for every face since scintillation light is isotropically 

emitted 
•  Electrons:  100 GeV – 1 TeV range 
•  Protons:  100 GeV – 100 TeV range 
•  ~ 100 – 10.000 events for each energy 
•  No mis-calibration effects are included in the simulation 
•  Light collection efficiency and PD quantum efficiency are 

included in the simulation 
•  For the moment we have very low statistics for high energy 

particles (huge computing time is necessary….) 
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Electrons 
Very simple geometrical cuts: 
•  The track should point to a fiducial surface (two 

crystals on the side are eliminated) 
•  The maximum of the shower should be well contained 

in the fiducial volume 
•  The length of the shower should be at least 40 cm 

(~21 X0) 

Efficiency of these cuts~ 36%  
Effective geometrical factor ~  
(0.78*0.78*π)*5*ε m2 sr= 9.55*ε m2 sr  

 
Gfeff~3.4 m2sr (including the efficiency) 

calorimeter 
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Electron #1 
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( Measured Energy – Real Energy ) / Real Energy 

Electrons 100 – 1000 GeV 

Energy resolution 

Non gaussian tails due to 
leakages and to the carbon 
fiber material  

RMS~2% 
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( Measured Energy – Real Energy ) / Real Energy 

Electrons 100 – 1000 GeV 

Crystals only 

Crystals + Photodiodes 

1.7% difference 
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Protons 
Very simple geometrical cuts: 
• A good reconstruction of the shower axis 
• At least 50 crystals with >25 MIP signal 

• Energy is reconstructed by using the shower 
length measured in the calorimeter, since 
leakage are important (1.8 λI for 
perpendicular incidence) 

 

calorimeter 
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Proton #1 
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is identified with ~1 
cm resolution 
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Shower Length (cm) 
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Proton 100 – 1000 GeV 

Shower length can be used to 
reconstruct the correct energy 

Red points: profile histogram 
Fitted with exponential functions 
To get the correct energy measurement 
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Proton energy resolution 

100 – 
1000 GeV 1 TeV 

10 TeV 

32% 35% 

39% 

100 TeV 
40% 

( Measured Energy – Real Energy ) / Real Energy 
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Efficiencies and Geometrical factors 
GF(1 face) = 0.78*0.78*π m2 sr= 1.91 m2 sr  
GF(5 faces)= 1.91*5 m2 sr = 9.55 m2 sr  

Energy ε	

 Energy 
resolution 

Gfeff 
(m2sr) 

100-1000 GeV 35% 32% 3.3 

1 TeV 41% 34% 3.9 

10 TeV 47% 38% 4.5 

Selection cuts can be tuned to optimize the parameters 
Roughly speaking: GF>3 m2sr with good energy resolution!!!! 
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What we can reach with this calorimeter? 

Assumptions: 
•  10 years exposure 
• No direct closeby sources for electrons 
•  Polygonato model for protons/nuclei 

Electrons 
Gfeff (m2sr) ΔE/E Depth (X0) e/p rej. 

factor 
E>0.5 TeV E>1 TeV E>2 TeV E>4 TeV 

3.4 2% 39 >105 ~2.105 ~4.104 ~6.103 ~7.102 

Electrons 

Protons and Helium 
Gfeff 

(m2sr) 
ΔE/E Depth 

(λI) 
E>100 TeV E>500 TeV E>1000 TeV E>2000 TeV E>4000 TeV 

p He p He p He p He p He 

~4 40% 1.8 2.8x104 2.7x104 1.7x103 1.8x103 4.4x102 5.5x102 1.0x102 1.6x102 1.7x101 3.6x101 

 ~ knee 
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Some caveats…. 
•  Please note: 

•  The theoretical previsions for the knee region are really very much spread out! 
•  Pre-PAMELA-ATIC-CREAM scenarium: simple single power low up tp the knee 

region 
•  Post-PAMELA_ATIC_CREAM scenarium: the models have to exaplain the change 

in slope around 200 GV/c, and the different slopes btw protons and helium 
•  Differents sources, different injectiuon spectra, closeby sources,,non standard 

propagation scenarium….  

•  Many works have been published in the last few years: 
•  Thoudam and Horandel 
•  Zatsepin, Panov, Sokolskaya.  
•  Bernard, Delahaye, Keum, Liu, Salati, Taillet 
•  Yuan, Zhang, Bi 
•  Tomassetti  
•  Blasi, Amato, Donato, Serpico 

•  As a results, the expected spectrum around knee is unclear, and probably 
higher than the one expected up to few years ago 

•  Possible structures may arise? 
•  Direct measurementes are really essential! 
•  With the propsed calorimeter, we could measure well above the knee 

I can give you references if you 
are interested 
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The prototype 
• We are building a small scale prototype to verify the 

performances and check that no weak points exist in the 
project 

•  First pre-prototype already constructed 
•  12 CsI(Tl) crystals 2.5x2.5x2.5cm3 (Thanks to Y.F. Wang!!!!!) 
•  6 layers with with a 3x3 matrix, with Iron cubes where CsI is not 

available 

• Goal of the pre-prototype: test beam at Cern-SPS before 
the Cern accelerator shutdown for ~2 years 

• The test has been completed on October 14!!! 
• A more complete 144 3.6x3.6x3.6 cm3 prototype will be 

built in the next few months 
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Some comments on the required dynamic 
range 
CsI(Tl)  
•  1 MIP/cm = 1.25 MeV/(g/cm2)*4.5 g/cm 3 =  5.62 MeV/cm 
•  1 MIP (for cube 3.6 cm) = 5.62 *3.6 =  20 MeV  
•  Light yield = 54 000 ph/MeV  
•  Light yield for cube = 54 000*20 ~ 106 photons/MIP 
•    
Photodiode Excelitas VTH2090 (9.2 x 9.2 mm2) for small signals 
•  Geometry factor * Light collection efficiency = 0,045 
•  QE = 0.6 
•  SignalMIP (CsI) = Light yield* Geometry factor* QE = 28.103 e- 

 
Small Photodiode (0.5 x 0.5 mm2) for large signals 
•  Geometry factor * Light collection efficiency = 1.3x10-4 

•  QE = 0.6 
•  SignalMIP (CsI) = Light yield* Geometry factor* QE = 80 e- 

 
Requirements on the preamplifier input signal: 
•  Minimum: 1/3 MIP=104 e- = 2 fC (Large area PD) 
•  Maximum: 0.1xEpart= 100 TeV=5.106 MIP=4.108 e-= 64 pC (Small area PD) 

By using two different PD we could well see MIP, and we could avoid saturation in one crystal 
provided we can find a suitable preamplifier chip (64pC/2fC=3.104 dynamic range) 
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The CASIS chip  
IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 57, NO. 5, OCTOBER 2010 
• The CASIS chip, developed in Italy by Trieste, is very well 

suited for this purpose 
•  16 channels, Charge Sensitive Ampl and Correlated 

Double Sampling  
• Automatic switching btw low and high gain mode 
•  2.8 mW/channel 
•  3.103 e- noise for 100 pF input capacitance 
•  53 pC maximum input charge 

• The CASIS chip has been successfully used for the pre-
prototype 
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A spot on the pre-prototype test beam 
energy_release_3

Entries  22363
Mean    255.1
RMS     316.2

 / ndf 2!   5543 / 97
Constant  161± 1.008e+04 
MPV       0.4± 184.2 
Sigma     0.31± 23.16 
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energy_release_3
Entries  22363
Mean    255.1
RMS     316.2

 / ndf 2!   5543 / 97
Constant  161± 1.008e+04 
MPV       0.4± 184.2 
Sigma     0.31± 23.16 

Energy Release 3

Muon beam 

MIPS are very nicely seen! 
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How to improve the calorimeter 
performances? 
• We could try to see the Cherenkov light produced in the 

crystals by the electromagnetic component of the shower 
1.  Improvement of the e/p rejection factor 
2.  Improvement of the hadronic energy resolution (DREAM 

project) 

•  Problem: different response to electromagnetic and 
hadronic particles (e/h>1) 

• Effect: worsening of energy resolution 
•  Solution: try to compensate the hadronic response to 

make it equal to electromagnetic one 
•  ‘Software compensation’ developed in the last few years 
•  Hardware compensation (~late 1980) 
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Software compensation 

A resolution of the order of 
15-20% seem to be reachable 
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Hardware compensation 
• Dual readout –> CsI: scintillation + Cherenkov 
•  Scintillation is sensitive to the overall energy release 
• Cherenkov is sensitive to electromagnetic component 
•  Idea: measure Cherenkov light event by event, and use 

this info to correct the measured energy 
•  Pro:  Possibility to use the timing information to 

 discriminate btw scintillation (slow) and 
 Cherenkov (fast) component 

• Contro: Cherenkov light is a small fraction of the  
 scintillaton light, compatible with the direct energy 
 release in the PD…. 

• A dedicated R&D is still necessary 
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ARTICLE IN PRESS

A chi-squared that imposes optimum linearity (but not
optimum resolution) is
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The solution for the constants ak is ~a ¼M"1~c .
We used a large variety of electron data for this calibration.

Beams with energies of 10, 20, 30, 50, 100, 150 and 200GeV were
steered into each of the points a, b and c indicated in Fig. 4. The
calibration constants were derived from all the data collected in
these 21 different runs.

The signals Bm;i used in this procedure represented the
integrated charge collected in the first 115ns after the start of
the BGO signals. They were thus expressed in units of [mVns]. The
four constants ak derived from this procedure all share the same
relationship between an energy unit and 1mVns; they are
intercalibrated.

However, in order to determine the final calibration constants
(expressed in GeVs per millivolt-nanosecond), the BGO signals
first had to be unraveled into their scintillation and Cherenkov
components. This procedure is described in Section 3.2, where we
also finalize the description of the calibration procedure for these
separate signals.

3. Experimental data and methods

3.1. Experimental data

Most of the measurements described in this paper were
performed with pion beams. Negatively charged pions of 20 and
50GeV, and pþ beams of 100, 150, 200 and 300GeV were steered
into each of the positions a, b and c indicated in Fig. 4. In each run,
50 000 events were recorded. In addition, multiparticle ‘‘jets’’ of
100, 200 and 300GeV were created with pþ beams steered into
the center of the calorimeter system. The polyethylene target (see
Section 2.2) was placed 35 cm upstream of the ECAL for these
measurements, and we selected interactions with a minimum
multiplicity of 10 by means of a threshold on the signals from the
ITC counter downstream of this target. At each energy, 200 000
events were collected this way. In order to investigate possible
biases, we also collected 50 000 events without such a threshold,
for each energy. The pion beams contained some muons, at the
few-% level. These muons were easily recognized (using the muon
counter) and removed from the event samples.

In order to study the performance of the BGO crystal matrix in
this unusual geometry, we used electron beams with energies of
10, 20, 30, 50,100, 150 and 200GeV.

3.2. Exploiting the BGO signals

BGO is a bright scintillator, Cherenkov radiation represents
only a tiny fraction of the light generated by high-energy particle

showers. Yet, the very different optical spectra and time structures
offer good possibilities for distinguishing between these two
components. In a previous paper, we have demonstrated that an
ultraviolet filter, combined with a detailed measurement of the
time structure makes it possible to measure the contributions of
scintillation and Cherenkov light to the crystal signals event by
event with excellent precision [7].

We have applied the same techniques in the present series of
measurement. The four PMTs that detected the light produced in
the BGO crystal matrix were equipped with UV filters.11 These
filters were transparent for light in the wavelength region from
250 to 400nm, which harbors a large fraction of the Cherenkov
light, plus a small fraction of the scintillation light, which peaks
around 480nm. The time structure of the signals from the PMTs
clearly exhibited these two components, as illustrated in Fig. 5.
The (prompt) Cherenkov component is represented by the sharp
peak, whereas the long tail has the same characteristic time
structure as pure scintillation signals generated in this crystal, i.e.,
an exponential decay with a time constant of 300ns.

The signals from the PMTs that detected the light transmitted
through the UV filters thus contained event-by-event information
about the relative contributions of both Cherenkov and scintilla-
tion photons. We have used the oscilloscope data to extract this
information, as follows. For every event, the integrated charge
collected in the time interval from 50 to 115ns after the start of
the pulse was used as a measure for the scintillation signal
produced in that event, while the charge collected from 0 to 16ns
was used as the basis for the measurement of the Cherenkov
signal. However, there was always some scintillation light that
contaminated the latter signal. From detailed studies of the time
structure of the unfiltered (i.e., almost pure scintillation) signals,
we concluded that the integrated charge due to scintillation light
collected in the time interval from 0 to 16ns after the start of the
pulse amounted to 20% of the charge collected from 50 to 115ns.

Fig. 5. The time structure of a typical shower signal measured in the BGO em
calorimeter equipped with a UV filter. These signals were measured with a
sampling oscilloscope, which took a sample every 0.8ns. The UV BGO signals were
used to measure the relative contributions of scintillation light (gate 2) and
Cherenkov light (gate 1).

11 UG11glass transmission filter (Schott). See Ref. [7] for details on the
properties of this filter.

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 610 (2009) 488–501492
Dual readout –> BGO: scintillation + Cherenkov  

Hardware compensation 

power, although not very impressive, is fairly independent of the
absorber thickness.

In conclusion, we see that methods intended to extract
information on the Cherenkov component of the PbWO4 signals
that are based on the time structure are less sensitive to the
absorber than methods based on the directionality. Whereas
the directionality of the Cherenkov component tends to fade as
the shower develops, the prompt character of the Cherenkov light
is not affected and allows measuring the contribution of this
component, albeit not with a very impressive precision.

4. Experimental results for BGO

4.1. The Cherenkov component in the BGO signals

The time structures of the signals from the BGO crystal
observed with the yellow filter and the UV filter were very
different.

This is illustrated in Fig. 13, which shows the time structures
measured from both sides of the crystal (i.e. with the two
different filters) for a typical shower developing in it. These
features can be understood from the properties of the filters and
of the light that is converted into an electric signal.

Fig. 14 shows the transmission characteristics of the two filters
as a function of wavelength, as well as the scintillation spectrum
of BGO, the spectrum of the Cherenkov light generated in the
crystal and the wavelength dependence of the quantum efficiency
of the photocathode used in the PMTs. The scintillation spectrum
of BGO is centered around a wavelength of 480nm, i.e. in the
yellow/green domain. The decay time of the scintillation process
is !300ns. The yellow filter is highly transparent for this type of
light, as reflected by the signal shape in Fig. 13a.

The UV filter is transparent for light in the wavelength region
around 300nm, and also has a window around 700nm, where the
transmission coefficient is a few percent of that in the ultraviolet
region, and the quantum efficiency of the photocathode is also at
the level of 1% of that around 350nm. As a result, this filter is
highly transparent for Cherenkov light in the 300–400nm range,
and for wavelengths 320–400nm the probability that photons
reaching the photocathode produce a photoelectron exceeds 10%.
On the other hand, only a very small fraction (o0:1%) of the
scintillation light penetrates this filter.

Even though Cherenkov light represented a very small fraction
of the total light production in this BGO crystal, it was therefore
prominently present in the signals from the PMT that read out
the side where the UV filter was mounted. This is illustrated by

the time structure of the signals in Fig. 13b, where the sharp peak
represents the prompt Cherenkov signal component.

In order to see if this prompt peak was indeed caused by
Cherenkov light, we studied its angular dependence. The crystal
was rotated around the y-axis, from y ¼ #45$ to þ60$, in steps of
5$ (see Fig. 1). In order to limit the contribution of scintillation
light to the UV signals, the ADC gate was adjusted so that the
signals were integrated up to t ¼ 120ns (i.e. over the first !10ns
after the start of the pulse, see Fig. 13), Fig. 15 shows the ratio of
the ADC signals from the UV and Y sides of the crystal as a
function of y. It clearly illustrates the directional nature of the
light contained in the ‘‘prompt’’ UV signal component. It peaks
near y & 28$ ¼ 90$ # yC, as one would expect for Cherenkov light.

More detailed, quantitative information was derived from the
time structure of the signals. The oscilloscope measurements
made it possible to determine the contribution of scintillation
light to the UV signal in a narrow gate around the prompt peak
event-by-event. This could be done by normalizing the shape of
the time structure of pure scintillation light, which was well
known from the signals measured with the yellow filter, to the tail

ARTICLE IN PRESS

Fig. 13. The time structure of a typical 50GeV e# signal measured in the BGO crystal equipped with a yellow filter (a), and with a UV filter (b). These signals were measured
with the sampling oscilloscope, with a time resolution of 2.0 ns. The crystal was oriented perpendicular to the beam line (y ¼ 0).

Fig. 14. Light transmission as a function of wavelength for the two filters used to
read out the BGO crystal. The light emission spectrum of the crystal, the spectrum
of the Cherenkov light generated in it and the quantum efficiency of the PMTs used
to detect this light are shown as well. The vertical scale is absolute for the
transmission coefficients and the quantum efficiency, and constitutes arbitrary
units for the light spectra.

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 595 (2008) 359–374 367

Filter:  250 ÷ 400 nm for Cherenkow light 
 >450 nm for Scintillator light 

Even better for CsI(Tl) 
since the scintillation light 
emission is very slow 

Dual-readout calorimetry with a full-size BGO electromagnetic section
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a b s t r a c t

Beam tests of a hybrid dual-readout calorimeter are described. The electromagnetic section of
this instrument consists of 100 BGO crystals and the hadronic section is made of copper in which
two types of optical fibers are embedded. The electromagnetic fraction of hadronic showers
developing in this calorimeter system is estimated event by event from the relative amounts of
Cherenkov light and scintillation light produced in the shower development. The benefits and
limitations of this detector system for the detection of showers induced by single hadrons and
by multiparticle jets are investigated. Effects of side leakage on the detector performance are also
studied.

& 2009 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, dual-readout calorimetry has emerged as a
promising new solution for the need to detect both leptons and
hadrons with excellent precision in high-energy particle physics
experiments [1]. The Dual Readout Method (DREAM) is based on a
simultaneous measurement of different types of signals which
provide complementary information about details of the shower
development. It has been argued [2,3] and experimentally
demonstrated [4] that a comparison of the signals produced by
Cherenkov light and scintillation light makes it possible to
measure the energy fraction carried by the electromagnetic
shower component, fem, event by event. Since fluctuations in fem
are responsible for all traditional problems in calorimetric hadron
detection, this may lead to an important improvement in the
performance of hadron calorimeters [5].

The first calorimeter of this type was based on a copper
absorber structure, equipped with two types of active media.
In this detector, scintillating fibers measured the total energy
deposited by the shower particles, while Cherenkov light,
generated by the charged, relativistic shower particles, was pro-
duced in undoped optical fibers [4,6]. It was recently demon-
strated that the signals from certain high-density crystals (PbWO4,
BGO) can also be unraveled into Cherenkov and scintillation
components [7], and that such crystals, when used in conjunction
with the fiber calorimeter mentioned above, offer in principle
the same advantages for hadronic shower detection as the
latter [8].

In this paper, we describe high-energy beam tests of a hybrid
calorimeter system that consisted of a full-size electromagnetic
section made of BGO crystals, backed up by a dual-readout fiber
hadronic section, and surrounded by a system of lateral leakage
counters. In Section 2, the detectors and the experimental setup in
which they were tested are described. In Section 3, we discuss the
experimental data that were taken and the methods used to
analyze these data. The experimental results are presented in
Section 4, and conclusions are given in Section 5.
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Conclusion 
• An homogeneous, isotropic calorimeter look to be an 

optimal tool for space experiments dedicated to high 
energy electrons and protons/nuclei 

• The idea is under development for the Gamma-400 
project, but could be eventually investigated for HERD? 

• The status of the project is quite advanced: 
•  Simulation 
•  Prototype 
•  Test beam 

• We are available for any further discussion on this idea!!! 
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BACKUP 
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<ΔX> = 1.15 cm 

Shower starting point resolution 
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Calibration curves  

Shower Length (cm) 
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Counts estimation, electrons 

G400 configuration: CsI(Tl), 20x20x20  crystals 
                                     Size: 78.0x78.0x78.0 cm3 – gap 0.3 cm 
Taking into account: geometrical factor and  exp. duration +  
                                     selection efficiency 80% 

Experiment 

D
uration 

Planar GF 
(m2 sr) 

Calo σ
(E)/E 

Calo 
depth 

e/p 
rejection 

factor 
E > 0.5 TeV E > 1 TeV E > 2 TeV E > 4 TeV 

CALET 5 y 0,12 ~2% 30 X0 105 3193 611 95 10 

AMS02 10 y 0,5** ~2% 16 X0 103 ** 26606 5091 794 84 

ATIC 30 d 0,25 ~2% 18 X0 
 

104 

 
109 21 3 0 

FERMI 10 y 

1,6@300 
GeV * 

 0,6@800 
GeV * 

~15% 8,6 X0 104 59864 2545 0 0 

G400 10 y 8,5 ~0,9% 39 X0 106 452303 86540 13502 1436 

* efficiencies included ** calorimeter standalone 
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E
xperim

ent 

D
uration 

Planar 
GF 
 (m2 
sr) 

ε sel 
Calo σ
(E)/E 

Calo 
depth 

E > 0.1 PeV E > 0.5 PeV E > 1 PeV E > 2 PeV E > 4 PeV 

ε conv p He p He p He p He p He 

CALET 5 y 0,12 
0,8 

~40% 30 X0 
1,3 λ0 

146 138 9 10 2 3 1 1 0 0 
0,5 

CREAM 180 d 0,43 
0,8 

~45% 20 X0 
1,2 λ0 

41 39 3 3 1 1 0 0 0 0 
0,4 CT* 

ATIC 30 d 0,25 
0,8 

~37% 18 X0 
1,6 λ0 

5 5 0 0 0 0 0 0 0 0 
0,5 CT* 

G400 10 y 8,5 
0,8 

~17% 39 X0 
1,8 λ0 

16521 15624 979 1083 261 326 60 92 10 21 
0,4 

 ~ knee 

Counts estimation, protons and helium nuclei 

* carbon target 

Polygonato model 
G400 configuration: CsI(Tl), 20x20x20  crystals 
                                     Size: 78.0x78.0x78.0 cm3 – gap 0.3 cm 
Taking into account: geometrical factor and exp. duration + selection                          
                                     efficiency 80% 
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Total silicon signals / Total crystal signals  

Electrons 
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ΔE = 17% 


