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Interactions of particles with matter
electromagnetic processes
- Coulomb scattering
- Ionization loss
- Cherenkov light
- Bremsstrahlung

photon interactions
- Photo effect
- Compton scattering
- pair production

e/m collisions on magnetic and photon fields
- synchrotron radiation
- inverse Compton effect

hadronic interactions
- secondary particles, multiplicity, inelasticity
- nuclear fragmentation
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Detectors and Experiments
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Resolution
detectors for particles measure
- energy/momentum
- position
- time
the resolution characterizes the quality of a detector

hzi =
R
z ·D(z)dzR
D(z)dz

distribution function D(z)

the variance of the measured value is

expected value:

�2
z =

R
(z � hzi)2D(z)dzR

D(z)dz
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frequently the measured values follow a 
Gaussian distribution

D(z) =
1

�z

p
2⇡

exp

✓
� (z � z0)2

2�2
z

◆

the confidence interval gives probability that 
the measured value is within this interval

1� ↵ =

Z hzi+�

hzi��
D(z)dz

gives the probability that the true 
value    is in the interval     around 
the measured value

±�
hzi

z0

100 · (1� ↵)% of the measured values are within ±�

1� ! 1� ↵ = 68.33%
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Photomultiplier

commonly used to detect fast signals

incident photons liberate electrons 
(photoelectric effect)
the electrons initiate an avalanche of 
secondary electrons --> amplification

quantum efficiency gives the number 
of photo electrons relative to the 

incident photons

amplification factor A = pn�1

n-1 dynodes    
p emission coefficient for secondary electrons

typical values p=4, n=14 --> A=7*10^7

charge at anode: Q = eA = 1.1 · 10�11 Cb
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Scintillator

incident particles lift electrons from the 
valence band to the conduction band

recombination of (free) electron and hole
--> emission of photon

typical yield ~103 to 104 photons/MeV
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Magnetic spectrometer
momentum measurement

particle in magnetic field                                        and
mv2

⇢
= evB ⇢ =

p

eB
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momentum resolution

�(p) / p2
maximum momentum: �(pmax)

pmax
= 1

�(p)

p
=

2�(x)/h

eBL
p



Particles & Cosmos, Jörg R. Hörandel �9

Cherenkov detector
- particle identification
   threshold detector

- measurement of velocity 
  (kinetic energy)

�th =
1q

1� 1
n2

=
Eth

moc2
select material with appropriate n 
--> light particles radiate

cos ✓c =
c

n�c
=

1

n�

ring imaging Cherenkov detector (RICH)
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Ionization chamber
traversing particle liberates 
electrons (ionization)

electrons and (positive) ions drift 
in electric field

--> electric signal proportional to 
energy loss

thin chamber --> dE/dx
thick chamber --> total E
 (particle completely absorbed)

energy in electric field reduced through free charge carriers
1

2
CU2 =

1

2
CU2

0 �N

Z x

x0

qEdx capacitor charged to U0 
N charge carrier pairs

only small voltage change U + U0 = 2U0 and U � U0 = �U and E = U0/d

�U = �Nq

Cd
(x� x0)signal amplitude proportional to liberated 

charge and deposited energy
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Multi-Wire Proportional Chamber
electric field

--> development of electron avalanche

�(x) =
dp
12

spatial resolution
d

�Ekin = �e

Z r2

r1

E(r)dr

energy gain between to electron 
collisions

if energy gain is larger than ionization energy

ionization liberates electrons
--> acceleration in electric field

�U = �eN

C
A

A gas amplification factor
N charge carrier pairs
C capacity 

voltage signal
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Energy measurement - silicon detector
for particles with MeV energies p-n semiconductor

an incident particle generates a series 
of electron-hole pairs

--> in secondary processes further 
electron-hole pairs are generated and 
phonons are excited

--> high charge density along 
trajectory of 1015 to 1017 electrons/cm3
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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

i
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Electromagnetic calorimetry

Figures

FIG. 1 (a): Fractional energy lost in lead by electrons and positrons as a function of energy (Particle

Data Group, 2002). (b): Photon interaction cross-section in lead as a function of energy (Fabjan,

1987).
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FIG. 2 (a): Simulated shower longitudinal profiles in PbWO4, as a function of the material thick-

ness (expressed in radiation lengths), for incident electrons of energy (from left to right) 1 GeV,

10 GeV, 100 GeV, 1 TeV. (b): Simulated radial shower profiles in PbWO4, as a function of the

radial distance from the shower axis (expressed in radiation lengths), for 1 GeV (closed circles)

and 1 TeV (open circles) incident electrons. From Maire (2001).
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Energy measurement - calorimeter
hadron calorimeter

�

a fraction of the energy
- escapes from the calorimeter (leakage)
- is invisible (nuclear excitation, neutrinos, ...)

high-energy hadrons (> GeV) undergo inelastic processes 
    --> production of secondary particles
    --> hadronic shower, characterized by hadronic interaction length
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Energy measurement - calorimeter
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Fig. 13. Measured energy deposition as function of depth in the calorimeter for hadrons with energies from 30 to 350GeV. The lines represent fits
according to Eq. (7).
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Fig. 14. Simulated energy deposition as function of depth in the calorimeter for hadrons with energies from 30 to 350GeV. The lines represent fits
according to Eq. (7).
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highest energies available at test beams to complement
earlier measurements at lower energies [22] and to check
the calibration procedure applied.

For a direct verification at a particle beam a small
calorimeter module, with a structure similar to the
calorimeter of the KASCADE experiment has been set
up at the CERN SPS. The detector and its operation are
described in Sections 2 and 3, respectively. The key point of
the physical calibration of the liquid ionization chambers is
that the signal yield depends on the purity of the liquid.
The corresponding procedure is discussed in Section 4. The
lateral and longitudinal development of cascades in the
calorimeter is investigated in Sections 5 and 6. The relation
between incident particle energy and registered energy is
outlined in Section 7.

2. Experimental set-up

The structure of a ionization chamber is sketched in Fig.
1. It consists of a 50! 50 cm2 stainless-steel box (made of
1mm thick plates), with a thickness of 1.7 cm, containing
four electrodes (25! 25 cm2, 1mm thick) positioned in the
mid-plane of the box by ceramic spacers. The mid-electrode
forms two gaps with 7mm liquid each. A ceramic
feedthrough allows to apply high voltage to the electrodes
and to read out their signals independently, ensuring a fine
spatial segmentation of the calorimeter. A feedback
preamplifier is mounted directly on the chamber in order

to reduce noise pick-up. The detectors are filled with the
liquid tetramethylpentane.
A set-up similar to the longitudinal structure of the

KASCADE-Grande calorimeter has been chosen as
sketched in Fig. 2. 60 ionization chambers are arranged
in 15 layers, forming a detector with 1m2 active area,
segmented in 16 individual read-out pads (25! 25 cm2) per
layer. The chambers are installed in gaps of 9 cm width
between the absorber slabs. A layer of chambers is installed
in front and behind the absorber, respectively. The
absorber consists of a lead layer (5 cm thick, corresponding
to 0.3 hadronic interaction lengths li or 8.9 radiation
lengths X 0) followed by 13 layers of iron slabs, each 10 cm
thick (0.6 li or 5.7 X 0). The total depth amounts to 8.2 li.
The sampling fraction of the calorimeter is about 2%.
The read-out electronics is identical to the one used in

the KASCADE-Grande calorimeter [10]. A charge-inte-
grating preamplifier is mounted directly on each chamber.
The signals are transmitted to a combined main amplifier
and 13-bit ADC unit with a VME-based read-out. The
dynamic range of the electronics is about 1: 6! 104 [10].
For electronic calibration, a test charge was injected via a
precision capacitor directly to the preamplifier of each
channel.
Two plastic scintillators were installed in front of the

calorimeter as trigger counters for the pion and electron
runs. A third scintillator behind the calorimeter was used in
dedicated runs to select muons.

3. Measurements and simulations

The calorimeter was set up at the H4 beamline of the
Super Proton Synchrotron (SPS) at CERN. It was exposed
to beams of protons, pions, electrons, and muons with
energies between 15 and 350GeV. Protons and pions could
not be distinguished, they are treated as hadrons, as in the
air shower experiment.
To identify electrons, a lead plate (15mm thick,

corresponding to 3.1X 0 or 0.09 li, not shown in Fig. 2)
has been placed in front of the first layer of ionization
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Fig. 1. Schematic view of a liquid ionization chamber.
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Fig. 2. Schematic view of the sampling calorimeter.
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sampling calorimeter
alternating layers of absorber 
material and detectors

experimental values. A possible reason for the discrepan-
cies will be discussed in the next section.

6. Longitudinal distribution of energy depositions

Integration over the lateral energy distribution yields the
total energy deposit for each layer. It is shown as function
of depth in the calorimeter in Fig. 11. The two summands
in Eq. (5) have been integrated separately and the
longitudinal development of both components is shown.
In the region of the maximum, the total energy deposition
is clearly dominated by the central component, while at
depths exceeding six interaction lengths the outer (flatter)
component becomes more important. The latter penetrates
deeper into the absorber and is more weakly attenuated
beyond the cascade maximum. This can be interpreted as
experimental hint that this component indeed contains a
large fraction of neutrons.

The data points have been fitted using the approach

EdepðtÞ ¼ A $ tB $ expð% t=CÞ (7)

originally introduced for electromagnetic cascades [28].
The absorber depth t is measured in interaction lengths
li or radiation lengths X 0 for hadrons and electrons,
respectively. B characterizes the growth of the cascade
before the maximum and C the exponential decrease at
large depths.

The positions of the cascade maximum tmax ¼ 1=ðB $ CÞ
for the two components are shown as function of hadron
energy in Fig. 12. As expected, the position of the
maximum depends logarithmically on the energy for both
components. Also, results of simulations are given in the
figure. A reasonable agreement can be recognized for the
inner component. On the other hand, in the simulations the
neutron rich component penetrates about 0.5 li deeper into

the absorber as compared to the measurements. The
difference is also seen in Fig. 11. This effect has been
suspected already previously [10]. The separate long-
itudinal development curves used in the present analysis
clearly show the effect. However, it should be noted that
this is an interesting detail of the shower development but
only a small effect for the total energy deposition. The
latter is dominated by the inner component, for which a
good agreement between measurements and simulations
can be stated.
The total energy deposition in each layer for hadrons

with energies from 30 to 350GeV is plotted for measured
and simulated cascades in Figs. 13 and 14, respectively. The
lines represent fits using Eq. (7). The positions of the
cascade maxima tmax increase logarithmically with energy
for both, measurements and simulations. Good agreement
is found between measurements and simulations, the
increase amounts to 0.55 li/decade in energy and 0.58 li/
decade in energy, respectively. In the figures it can be seen
that the exponential decrease after the maximum is
stronger in the measurements as compared to the simula-
tions.
The attenuation length C in Eq. (7) is plotted as function

of hadron energy for measured and simulated cascades in
Fig. 15. For high-energy hadrons the measured attenuation
length is C ¼ 1:1 li. Over the whole energy range, the
measured attenuation length is about 0.3 li smaller than in
the FLUKA code.
The sampling of the calorimeter is optimized for hadrons

and is rather coarse for electrons. Nevertheless, the
response for incident electrons has been studied. The
longitudinal energy depositions are shown in Fig. 16 for
particles with energies from 15 to 100GeV. Again, Eq. (7)
has been used to fit the data. As can be recognized, no data
points are available near the maximum of the cascades. As
a consequence, the longitudinal distribution and the total
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Fig. 11. Longitudinal profile of the energy deposition for 300GeV
hadrons. The contributions of the central and the outer components are
shown separately. The measurements are compared to simulations. The
lines indicate fits to the data according to Eq. (7).
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hadron calorimeter

longitudinal shower development
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Energy measurement - calorimeter
hadron calorimeter

is used to approximate the energy density dE as function of
the distance r to the beam axis. C1, C2, r1, and r2 are fit
parameters. It can be recognized that the energy deposition
varies significantly within the lateral extension of a pad
(25! 25 cm2). In the example shown, the energy deposition
at 10 and 20 cm distance differ by more than a factor of 10.
Hence, the approximation to assign the complete energy
deposition in a pad to its geometric center is only a rough
approximation. Therefore, in a fit procedure Eq. (5) has
been integrated over the area of each pad

DE ¼
Z

Dx

Z

Dy

dEðx; yÞdxdy (6)

and the resulting energy deposition is fitted to the data,
determining the values C1, C2, r1, and r2 for each layer.

The result for 300GeV hadrons is shown in Fig. 9. In the
front layers the two regions with a steep and a flat fall-off
can be distinguished clearly. The slope of the inner
component becomes flatter with growing depth and the
transition in the slope between the inner and outer
component becomes less pronounced in the rear part of
the calorimeter.

The energy deposition in the outer or halo region has
been conjectured to be caused by low-energy neutrons
which penetrate easier to these outer regions than charged
particles due to their lower energy loss as compared to
protons. We have studied the effect by treating the energy
deposition of neutrons in the simulations separately. It
turned out that they are only partly responsible for the
kink and low-energy charged particles make up the halo as
well [10].

The scale radii r1 and r2 as function of depth are
summarized in Fig. 10 for hadrons with energies from 100
to 350GeV. Both parameters increase as function of depth,

which illustrates that the cascades become wider when
penetrating deeper into the absorber. The behavior is
nearly independent of the energy. The values for the inner
component range between about 1.5 and 2.5 cm, implying
that the energy is extremely concentrated around the beam
axis. Within the innermost 10 cm the lateral distribution
falls off by a factor of almost 800 in the front layers and
about 50 in the rear. The parameter r2 varies between
about 9 and 14 cm.
The results from simulations are shown in Fig. 9 as well.

They reflect the overall trend of the measurements but, on a
closer look, reveal also differences with respect to the
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highest energies available at test beams to complement
earlier measurements at lower energies [22] and to check
the calibration procedure applied.

For a direct verification at a particle beam a small
calorimeter module, with a structure similar to the
calorimeter of the KASCADE experiment has been set
up at the CERN SPS. The detector and its operation are
described in Sections 2 and 3, respectively. The key point of
the physical calibration of the liquid ionization chambers is
that the signal yield depends on the purity of the liquid.
The corresponding procedure is discussed in Section 4. The
lateral and longitudinal development of cascades in the
calorimeter is investigated in Sections 5 and 6. The relation
between incident particle energy and registered energy is
outlined in Section 7.

2. Experimental set-up

The structure of a ionization chamber is sketched in Fig.
1. It consists of a 50! 50 cm2 stainless-steel box (made of
1mm thick plates), with a thickness of 1.7 cm, containing
four electrodes (25! 25 cm2, 1mm thick) positioned in the
mid-plane of the box by ceramic spacers. The mid-electrode
forms two gaps with 7mm liquid each. A ceramic
feedthrough allows to apply high voltage to the electrodes
and to read out their signals independently, ensuring a fine
spatial segmentation of the calorimeter. A feedback
preamplifier is mounted directly on the chamber in order

to reduce noise pick-up. The detectors are filled with the
liquid tetramethylpentane.
A set-up similar to the longitudinal structure of the

KASCADE-Grande calorimeter has been chosen as
sketched in Fig. 2. 60 ionization chambers are arranged
in 15 layers, forming a detector with 1m2 active area,
segmented in 16 individual read-out pads (25! 25 cm2) per
layer. The chambers are installed in gaps of 9 cm width
between the absorber slabs. A layer of chambers is installed
in front and behind the absorber, respectively. The
absorber consists of a lead layer (5 cm thick, corresponding
to 0.3 hadronic interaction lengths li or 8.9 radiation
lengths X 0) followed by 13 layers of iron slabs, each 10 cm
thick (0.6 li or 5.7 X 0). The total depth amounts to 8.2 li.
The sampling fraction of the calorimeter is about 2%.
The read-out electronics is identical to the one used in

the KASCADE-Grande calorimeter [10]. A charge-inte-
grating preamplifier is mounted directly on each chamber.
The signals are transmitted to a combined main amplifier
and 13-bit ADC unit with a VME-based read-out. The
dynamic range of the electronics is about 1: 6! 104 [10].
For electronic calibration, a test charge was injected via a
precision capacitor directly to the preamplifier of each
channel.
Two plastic scintillators were installed in front of the

calorimeter as trigger counters for the pion and electron
runs. A third scintillator behind the calorimeter was used in
dedicated runs to select muons.

3. Measurements and simulations

The calorimeter was set up at the H4 beamline of the
Super Proton Synchrotron (SPS) at CERN. It was exposed
to beams of protons, pions, electrons, and muons with
energies between 15 and 350GeV. Protons and pions could
not be distinguished, they are treated as hadrons, as in the
air shower experiment.
To identify electrons, a lead plate (15mm thick,

corresponding to 3.1X 0 or 0.09 li, not shown in Fig. 2)
has been placed in front of the first layer of ionization
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hadrons hit the calorimeter homogeneously, due to the fine
lateral segmentation of the calorimeter with about 4800
channels per detector layer, the energy is deposited in
independent channels. Thus, the uncertainties of the
average hadron energy are smaller than for an individual
hadron at a particular point of incidence and are of the
order of a few (! 3) percent only.

How well the muon signals in the chambers are
calibrated in case the electron lifetimes obtained at the
accelerator are used is shown in Fig. 7 for three different

high voltages. Relatively large deviations are found for the
ninth layer. For this particular chamber the signal for a
minimum ionizing particle is only slightly above the noise
and the signal of this chamber is not considered in the
following. The average energy deposit amounts to
2:21" 0:1, 2:19" 0:06, and 2:33" 0:05MeV for 4, 4.5,
and 5 kV, respectively. The three values deviate at most by
4% from the value obtained in the simulations
(2:23" 0:01MeV). The mean quadratic deviations of the
individual chambers from the mean values are 4.2%, 2.5%,
and 2.0% for the three high voltage values, respectively.
With increasing high voltage more charge is collected and
the deviations decrease. For the data used in the following
analyses the chambers were operated at 5 kV and the
uncertainties in muon energy calibration can be taken to be
about 2%.

5. Lateral distribution of energy depositions

The lateral distribution of the cascades is sampled in 16
channels per layer. In a first approximation, the distance r
from the beam axis to the center of each pad is used as the
position of the energy deposition. As an example, the
energy deposition for 300GeV hadrons in the fourth layer
of the calorimeter is plotted in Fig. 8. One notices a strong
decrease as function of distance to the beam axis and that
two regions can be distinguished, which are indicated by
the dashed lines. The measurements can be approximated
by an exponential function with a steep slope in the inner
region up to about 25 cm from the beam axis, and a flatter
outer part.
The ansatz

dEðrÞ ¼ C1 & exp '
r

r1

! "
þ C2 & exp '

r

r2

! "
(5)
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lateral shower development

�Fe = 132 g/cm2

132 g/cm2

7.87 g/cm3 ⇡ 16.8 cm
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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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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

d2W0

do dy
¼
2a_y3Z2

p

1

g"2 þ y2 þ x21
"
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2

ð1Þ

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-
interface yield. The relevant parameters are g ¼ 2 ) 104; l1 ¼
35 mm; l2 ¼ 1000 mm; o1 ¼ 21:2 eV; and o2 ¼ 0:75 eV:
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region is

d2W0
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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-
interface yield. The relevant parameters are g ¼ 2 ) 104; l1 ¼
35 mm; l2 ¼ 1000 mm; o1 ¼ 21:2 eV; and o2 ¼ 0:75 eV:
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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-
interface yield. The relevant parameters are g ¼ 2 ) 104; l1 ¼
35 mm; l2 ¼ 1000 mm; o1 ¼ 21:2 eV; and o2 ¼ 0:75 eV:
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total radiation yield (integrated over all angles and frequencies)
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Transition radiation

region 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-
interface yield. The relevant parameters are g ¼ 2 ) 104; l1 ¼
35 mm; l2 ¼ 1000 mm; o1 ¼ 21:2 eV; and o2 ¼ 0:75 eV:
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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-
interface yield. The relevant parameters are g ¼ 2 ) 104; l1 ¼
35 mm; l2 ¼ 1000 mm; o1 ¼ 21:2 eV; and o2 ¼ 0:75 eV:
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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.

S.P. Wakely et al. / Nuclear Instruments and Methods in Physics Research A 531 (2004) 435–444 443

Transition Radiation Detector

TRD test at CERN

- particle identification
   (threshold detector)
- energy measurement  
   (Lorentz factor)
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Detectors at accelerators
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Components of a “traditional” particle physics experiment. 
Each particle type has its own signature in the detector. For 
example, if a particle is detected only in the 
electromagnetic calorimeter, it is fairly certain that it is a 
photon.
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Detectors for direct measurements of 
Cosmic Rays above the atmosphere

•Silicon detector                             |Z|, A, E     isotopes
•Magnet spectrometer                     +/- Z, E     anti-particles
•Calorimeter                                         |Z|, E     elements
•Cherencov detector                           |Z|, E     elements
•Transition radiation detector            |Z|, E     elements
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3.2 Silicon Detector Hodoscopes 77

D1 or D4

D3 or D6

D2 or D5

PM 
Tube  

D1
D2
D3
D4
D5
D6
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K3
K4
K5
K6
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multi-strip 
position 
detection

energy 
range 
measurement 
penetrating

scintillator 
veto

3 cm scale 

Al window

Fig. 3.5. The telescope HET on board the Ulysses space craft [69]. On the right-
hand the strip inclinations are indicated, serving to determine the direction of the
incident particles. The anticoincidence system consisted of a plastic scintillator veto
shield surrounding the telescope and a solid state detector A identifying particles
from below

technique in the individual detectors was about 150 µm. With strips of suc-
cessive detectors rotated by 60◦ as indicated in Fig. 3.5, the trajectory of an
incident cosmic ray could be determined to an accuracy of better than 1◦.
The following six detectors (K1...6), with a thickness of 5 mm each, resulting
in ≈ 7 g/cm2 for stopping incident particles served for range measurements.
With high-ohmic Li-drifted silicon, a good charge collection at a relative
moderate bias voltage of 650 volts was possible. The information of the in-
strument allowed to resolve isotopes for elements from hydrogen to nickel in
the energy range from 30 to 400 MeV/nucleon.

A more recent detector is CRIS2 [5] on the ACE3 space craft [7] which
measured the isotopic composition for elements from hydrogen to zinc in
a similar energy range from 60 to 570 MeV/n. Measurements were per-
formed near the vantage libration point L1 of the Earth-Sun system, i.e.
at ∼ 1.5 × 106 km distance sunwards. The sensor system consisted of a ho-
doscope composed of three planes of scintillating fibres with six fibre layers
each in two orthogonal directions. A trigger detector used a single fibre plane
with two fibre layers. The fibres were coupled via an image intensifier to a
charge-coupled device (CCD) for hodoscope readout, and to photodiodes to
obtain fast trigger pulses. The hodoscope allowed to measure the location

2Cosmic-Ray Isotope Spectrometer
3Advanced Composition Explorer

Ulysses High Energy Telescope (HET)
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Particles and the Cosmos – 2017/18
Werkcollege 3 – Observables and experiments

22.09.2016

Problem 8 Silicon Detector as thin detector
Silicon detectors are often used for detecting cosmic-rays in association with particle
calorimeters. The detection setup consists of a thin silicon detector and a thick
detector (i.e the particle calorimeter), in which the particles are absorbed, see sketch.

E

E’

L

Particles with kinetic energy E loose the energy ∆E in the thin detector. The
remaining energy E ′ is measured with the thick detector, i.e. ∆E = E − E ′. In a
generic material, nuclei with mass M and charge Z penetrate a distance R equal to

RZ,M(E/M) = k
M

Z2

(

E

M

)α

and the silicon detector thickness L can be written as

L = RZ,M(E/M)−RZ,M(E ′/M) .

With this configuration, mass and charge of an atomic nucleus can be determined
unambiguously.

Show that

M =

(

k

Z2L

)1/(α−1)

(Eα
− E ′α)1/(α−1)

and

Z =

(

k

L(2 + ϵ)α−1

)1/(α+1)

(Eα
− E ′α)1/(α+1)

Hint: assume M/Z = 2+ϵ. This is assumption is valid for light nuclei with Z < 30.

Problem 9 Magnet Spectrometer
Cosmic-ray particles can be detected with a magnet spectrometer. Recent experi-
ments usually comprise a silicon detector to measure the charge Z of the particles,
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Problem 8 Silicon Detector as thin detector
Silicon detectors are often used for detecting cosmic-rays in association with particle
calorimeters. The detection setup consists of a thin silicon detector and a thick
detector (i.e the particle calorimeter), in which the particles are absorbed, see sketch.
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and the silicon detector thickness L can be written as

L = RZ,M(E/M)−RZ,M(E ′/M) .

With this configuration, mass and charge of an atomic nucleus can be determined
unambiguously.

Show that
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Hint: assume M/Z = 2+ϵ. This is assumption is valid for light nuclei with Z < 30.

Problem 9 Magnet Spectrometer
Cosmic-ray particles can be detected with a magnet spectrometer. Recent experi-
ments usually comprise a silicon detector to measure the charge Z of the particles,
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the thickness of the thinn 
layer can be expressed as

with such an set-up the charge Z and mass M of an incident particle is measured

incident cosmic-ray nuclei are fully characterized (Z,A)
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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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dE/dx 

MTOF 
ACC 
For antiproton 

MAG 

UTOF 
LTOF 
#"
dE/dx 

Solenoid: Uniform field ($=1m, B=0.8T) 
                 Thin material (2.4 g/cm2) 
 
Drift chamber: Redundant hits 
                         (!~150µm, 32~48+4hits) 

TOF, Chamber: dE/dx measurement 
                          (Z = 1, 2, ...)  
 
TOF: 1/# measurement (!~1,2%) 
                         

BESS Instrumentation 
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Alpha Magnetic Spectrometer - AMS
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Alpha Magnetic Spectrometer - AMS
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The CALorimetric Electron Telescope (CALET): High Energy 
Astroparticle Physics Observatory on the International Space Station
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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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The energy spectrum of cosmic-ray protons and helium
near 100 GeV

E. Diehl 1, D. Ellithorpe, D. M€uuller, S.P. Swordy *

Department of Physics, Enrico Fermi Institute, University of Chicago, 5640 Ellis Avenue, Chicago, IL 60637-1433, USA

Received 15 February 2002; accepted 2 May 2002

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.

Keywords: Cosmic rays; Measurement techniques; Cosmic ray origin

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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1 Present address: Department of Physics, University of
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Fig. 3.23. The CRN detector
inside a pressurised container
on-board the space shuttle
mission, 1985
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Fig. 3.24. The CRN detector
inside a container. The two
gas Cherenkov detectors were
operated at 1 atm with a mix-
ture of 80% N2 and 20%CO2.
The latter had been added
to suppress the fluorescence
light of N2, which would be
comparable to the Cherenkov
light in pure N2. Scintilla-
tors T1 and T2 served for
charge determination and
TOF measurements

Detector Configurations

The first application of a TRD for energy measurements was by the CRN24

detector flown on board the Space Shuttle for eight days in 1985, see
Fig. 3.23 [58]. The main components of the detector were: Two integrating
gas Cherenkov counters providing coincidence triggers, charge measurements,
and up-down discrimination by time-of-flight measurements. Figure 3.24
shows a sketch of the apparatus. The TRD consisted of six radiator lay-
ers of plastic fiber material, followed by MWPCs filled with a mixture of 25%
xenon, 15% methane, and 60% helium to measure the energy and trajectory
of the particles. The gas mixture insured an efficient X-ray absorption of
the transition radiation by xenon while minimising the relative contribution
from the ionisation signal of the primary particle, which is small in He and
CH4. The chambers were operated at a low gas amplification with 1300 V to

24Cosmic Ray Nuclei

Cosmic Ray Nuclei instrument - CRN
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TRACER experiment
The TRACER Detector

TRACER Overview

I Two pairs of Cerenkov and
Scintillation Detectors

I 1600 Proportional Tubes
(2cm × 2m) in 16 Layers

I Upper 8 Layers: dE/dX
in Gas (dE/dX array)

I Lower 8 Layers:
dE/dX+TR (TRD)

Scintillator

Cerenkov

Scintillator

Cerenkov

TRD

dE/dX Array

2 m 2 m

1.2 m

A. Obermeier for TRACER (UofC, EFI) Cosmic-Ray Propagation and Energy Spectra 08. July ’09 - ICRC, Lodz (Poland) 2 / 13
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TRACER Experiment -  Mc Murdo, Antarctica
flight: 12. – 26. December 2003 ~ 40 km (3-5 g/cm2)

balloon filled with 106 m3 He
~130 m diameter
total mass ~5 t
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TRACER Experiment -  Mc Murdo, Antarctica
flight: 12. – 26. December 2003 ~ 40 km (3-5 g/cm2)


