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Describe the cosmic ray (CR) energy spectrum and composition.
Discuss CR origin, and propagation.

Discuss the detection principles and measured quantities (mass,
charge, momentum, energy, rigidity, direction, ...) of astroparticle
physics experiments.

Interpret the main results of selected experiments

Assess / Evaluate the state of the art of astroparticle physics
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Primary cosmic rays

Proton. ‘x

Nuclear fusion #
in stars

Supernova
_explosion

IAPP 2025 C. Perrina

Primary elements,
(protons, nuclei of He, C, O,
Ne, Mg, Si..., Fe)
are produced
during the lifetime of stars.

They are accelerated in
supernovae explosions
and
expelled in the interstellar medium
where they propagate diffusively
through the galaxy.
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Nuclear fusion R _ . . . . Secondary cosmic rays
cinstarsi et AN / SRR L, Bc, B, F, sub-Fe nuclei
AR BT R e S are produced by the

o o Ol Gl e collision of
B telium . - A o primary cosmic rays,
; > ' C,0,Si, ..., Fe,
with the
interstellar medium
(ISMm).

Nuclear abundance: cosmic rays compared to solar system
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While primary cosmic rays get
accelerated, they interact with the
environment and generate other
particles. If the interaction happen
in the vicinity of the source, the
produced particles are still
“primary”. If the interactions
occurs with the ISM, they are
called “secondaries” (or CR from
CR collisions/diffuse term).

The daughter particles can be:
e Electrons and positrons
Mainly ©* decays
* Neutrinos
Mainly n* decays
* Photons
Synchrotron, ICS,
bremsstrahlung, n° decays
* Antiprotons

Inelastic hadronic interactions
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Why can we say that charged CRs propagate diffusively?

From the observation of the “cosmic clocks” which provide estimates of the CR
residence time in the Galaxy.

1) Existence of secondary nuclei

Nuclear abundance: cosmic rays compared to solar system
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Cosmic clocks (2)

2) Disappearance of unstable nuclei
- 10Be is unstable.

70__ Isotopic Analysis Mass ] It decayS ﬂ_W|th d half'“fe Tl/z = 15 Myr
60!- Histogrom of Cosmic Roy Be _:
- (IMP 7+ IMP8 19731976 data) http://barwinski.net/isotopes/query select.php
S50t .
40- | ]
= TBe—10in MW - YT1/2
ézo'.
2 ol — The CR propagation is not ballistic.
5 omMSTEg g g T T
5 70
5 . . . . .
1% Cosmic rays cannot travel in straight lines, nor can they simply
=8op follow helical trajectories around magnetic field lines.

H
Qo

CRs must have much more complex trajectories.

)

CR propagation in the Galaxy is accurately described by
diffusion

N
o O

8
Atomic Mass Units soy

Garcia-Munoz, M., Mason, G. M., & Simpson, J. A. The isotopic composition of galactic cosmic-ray lithium,
beryllium, and boron. In: International Cosmic Ray Conference 1977.
https://articles.adsabs.harvard.edu//full/1977ICRC....1..307G/A000307.000.html
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CR diffusion: ran Ik

* Diffusion: many random deflections leading to a random walk in space (Brownian motion)
* CR diffusion is not due to collisions, but interactions with turbulent magnetic fields.

P.cle speed: 8 Particle mean free path

Target numeric density: n 1 - i

Interaction cross section: o on
Interaction period

tart

A
i B

Flnlsh

FIG. 2: Typical displacement vectors in a random motion.

(F?2(N)) = (i?{) i] ﬁx >+/lzz cos 0;) = NA?

j=1 i=1 3]

Discrete version of a diffusive propagation
=7 _ 2 ’
{r (N)> = N4 with N proportional to the time elapsed
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Mean free path

The mean free path depends on
1. The rigidity of the particle

2. The turbolence of the magnetic fields

o
Aoxry

R=E pc =1, BZe TLOCE
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The diffusion equation

Let’s consider a one-dimention random walk, the diffusion equation is given by

2
0P(x,t) =D 0°P(x,t)| D is the diffusion coefficient of the particle due
dat dx?2 to interactions in turbulent magnetic fields.

It is a parabolic differential equation, its fundamental solution is the normalized Gaussian

p={x()=0
0% = ((x — (x(O)N?) = (x*()) = 2Dt
For a three-dimention random walk Motion:
v’ Linear
(F2(t))y = 2Dt x3 ¥ uniform
v’ isotropic
In general

(72(0)) « Dt = D o " (F2(N)) = NA2

2 2 2
D o N2 _ N _Aﬁ_w

t Nt A1
o(7) o £° m
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AMS (2011 - now)

The Alpha Magnetic Spectrometer (AMS)
on the International Space Station (ISS)

https://ams02.space
https://www.nasa.gov/mission pages/station/main/index.html

IAPP 2025 C. Perrina 11


https://ams02.space/
https://www.nasa.gov/mission_pages/station/main/index.html

From the launch to the future

AMS was launched with the Space
Shuttle Endeavour on May 16, 2011

AMS studies the universe and its origin by searching for antimatter, dark matter
while performing precision measurements of cosmic-ray fluxes and composition.

AMS mission duration: entire ISS lifetime (up to 2030)

IAPP 2025 C. Perrina 12



The AMS Collaboration

AMS is an international collaboration of institutions from America, Europe and Asia.
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AMS: a TeV precision spectrometer in space

Transition Radiation Detector (TRD):

Discriminate e*, e (TR) out of p and ZandE
anti-p (no TR), |Z] are measured independently by
several subdetectors

Time Of Flight (TOF): |Z|, speed

1 Yany
b
!

AT /YY 4
T
S

Electromagnetic Calorimeter (ECAL):
Energy of e*, e

7.5 tons
Emx4mx3m
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AM S Pu b I icaﬁo ns https://ams02.space/publications

In this lecture:

1. AMS electrons: Towards Understanding the Origin of Cosmic-Ray Electrons
Phys. Rev. Lett. 122, 101101 (2019)

2. AMS positrons: Towards Understanding the Origin of Cosmic-Ray Positrons
Phys. Rev. Lett. 122, 041102 (2019)

3. AMS Iron: Properties of Iron Primary Cosmic Rays: Results from the Alpha Magnetic
Spectrometer

Phys. Rev. Lett. 126, 041104 (2021)

4. AMS report: The Alpha Magnetic Spectrometer (AMS) on the International Space Station:
Part Il - Results from the First Seven Years
Phys. Rep. 894, 1 (2021)

5. AMS fluorine: Properties of Heavy Secondary Fluorine Cosmic Rays: Results from the Alpha
Magnetic Spectrometer
Phys. Rev. Lett. 126, 081102 (2021)

6. AMS N Na Al: Properties of a New Group of Cosmic Nuclei: Results from the Alpha
Magnetic Spectrometer on Sodium, Aluminum, and Nitrogen
Phys. Rev. Lett. 127, 021101 (2021)
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https://ams02.space/publications
https://doi.org/10.1103/PhysRevLett.122.101101
https://doi.org/10.1103/PhysRevLett.122.041102
https://doi.org/10.1103/PhysRevLett.126.041104
https://doi.org/10.1016/j.physrep.2020.09.003
https://doi.org/10.1103/PhysRevLett.126.081102
https://doi.org/10.1103/PhysRevLett.127.021101

Cosmic electrons nd ositrons

Before AMS: AMS latest results: ~¥28 M electrons and ~2 M positrons
AMS report L] AMS electrons
= 95 250 LML I LR IR
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The of " The electron spectrum has different
. €€ ectro? spectrum has magnitude, and a different shape
different magnitude compared to
, (energy dependence) compared to
that of positrons. .
that of positrons.
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The origin of cosmic electrons

AMS report
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* Electrons from cosmic ray collisions
A ol L

=S — -

4""““’"; e AMS 28.1 million electrons
{?

1

10 100
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The contribution from

cosmic ray collisions is negligible.

| » GALPROP prediction.

There are many models predicting the
flux of secondaries (GALPROP, Dragon,
Usine, ..). They differ in their
assumptions. GALPROP is widely
regarded as the standard model for
prediction of fluxes of secondaries
based on the data from accelerator
experiments and from cosmic-ray
studies

17




AMS report
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= Fit with Eq. (10) and
68% C.L. band

Power law b

The origin of cosmic electrons

In the energy range [0.5 — 1400] GeV the
electron flux is very well described by the
sum of 2 power law functions.

2

&, (E) = %[1 (/B T [CalE o)™ + ColE JEp )]

P 10 =300
E, = 3.94+ 0.21GeV,
Ay, = —2.14+ 0.09,

2 llllll
1000

E=E+ ¢,

C, =(1.13+0.08) x 102 m~2sr s~ 1GeV !,

va = —4.31+0.13,

Cp, = (3.96 £0.04) x 10 m~2sr s~ 'Gev !,

vb = —3.14 £ 0.02,
0o = 0.87 +0.12GeV,

with x?/d.o.f. = 36.5/68.

@.- is the “effective solar
modulation potential” to
take into account the solar
modulation effects.

Eqmy = 20 (300) GeV
to minimize the correlation
between Cypy and yq(p)

What is the origin of power law a and power

law b?

18




Contributions to the electron flux

AMS report AMS electrons
250+ T —— ™ - = =
' . AMS-02 1  Inaddition to a small contribution of secondary electrons
X ~ Fitwith Eq. (10)and ] produced in the collisions of ordinary cosmic rays with the
200 _ 66%CLband | interstellargas [40]. there are SEVETAlASHOphYSical SOURGES
] O pHMACOSTIESAEIECHONS, 1 is assumed that there are
150~ - only a few astrophysical sources of high energy electrons in
[ E 4  the vicinity of the Solar System each making a power-law-
100: E ]  like contribution to the electron flux [41,42]. In addition,
-2 T there are several physics effects which may introduce some
oy Power law b Speciral features in the original fluxes (43.44]. Thercfore, it
50~ is important to know the minimal number of distinct power
i law functions needed to accurately describe the AMS
; electron flux.

1000

[42]: Astrophys. J. 601, 340 (2004)

Some nearby sources (< 1 kpc distance), such as Vela, Cygnus Loop, or Monogem,
could leave unique signatures in the form of identifiable structure in the energy
spectrum of TeV electrons and show anisotropies toward the sources, depending
on when the electrons were liberated from the remnant.

IAPP 2025 C. Perrina 19



AMS report

The origin of cosmic positrons

25_""I " A L B E R | . LA LS 2B | ® ” LR | i
R Positron Spectrum J
- « AMS-02 -
_ 20~ = Fit with Eq.(5) and -
v F 68% C.L. band ]
"L = -
(7] - -
~ 15— -
E ]
2 [ Source term ]
S 10 u
& [ J
w [
5 e
C Energy [GeV]

1 10 100

1/Es = 1.23 £ 0.34TeV ',

C=(6.80+0.15)x 10 °m 2sr 's ' GeV!,

ys = —2.58 + 0.05,

C;=(6.51+0.14) x 10 ?m~2sr 's ' GeV ',

v4 = —4.07 %+ 0.06,
0o+ = 1.10 & 0.03 GeV,

with x?/d.o.f. = 50/68.
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1000

At low energies positrons come from
cosmic ray collisions (secondary

positrons).

At high energies the positron flux is
consistent with the existence of an
astrophysical source of positrons (primary
positrons) or with a dark matter origin of

positrons.

2

E A a
D+ (E) = E—Z[Cd(E/Eﬂ”d + G (E/E)”

exp(—E/E;)]

C. Perrina

an exponential cut-off at £, = 813 GeV

Source term exhibits

with 4o significance.

to minimize the correlation

E=E+(pe+

EI(Z) =7 (60) GeV

between Cq(s) and yqs)

20




Supernovae

The origin of cosmic positrons

Astrophysical Sources: Pulsars, ...

\ Positrons
from CR collisions

i
i ,/.‘|/_JA,“‘/

IAPP 2025 C. Perrina 21



Positrons from RAVES ;&

... are fast-spinning,
highly magnetized
neutron stars. A pulsar
is a type of variable star
because its brightness
changes as it rotates.

Pulsars spin very rapid-
ly, completing a rota-
tion in as little as a few

milliseconds. This is A . ROTATING
) because the pulsar is B \ > i
NASA | What is a pulsar [[eeemsrm el NEUTRON

Vilo[=Tolll conserved the angular STAR

momentum of the large

https://www.youtube.com/w [ETEeEsTss i
atch?v=gjLk 72V9Bw form the pulsar. J ! \/

MAGNETIC FIELD LINES

SOURCE: NASA

Pulsars produce and accelerate positrons to high energies.

With respect to Dark Matter:
1. Arrival direction of positrons from pulsars should exhibit higher anisotropy;
2. Pulsars do not produce antiprotons.

IAPP 2025 C. Perrina 22
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Positron anisotropy

AMS report

N e
w N ‘\

b)

18
Expected events/pixel

Events/pixel

Map in galactic coordinates Map in galactic coordinates

of the expected directions for an
isotropic distribution of positrons

of the observed incoming
positron directions

The observed positron flux is consistent with isotropy.
The upper limit on the amplitude of the positron dipole anisotropy for any axis in

galactic coordinates is 6 < 0.019 at the 95% C.L.

No anisotropy = Positrons do not come from pulsars

IAPP 2025 C. Perrina 23




Antiproton — positron comparison

L] AMS report

30 [ ———rrr———r——r—
& 3 14
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O - 3 E
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5] H; | :
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(o] q e " — 6
?m L . # n

3 . .o” =
5 y @ E
: . Energy [GeV] 3
P A R | —— al el B
1 10 X102 10°

Above 60 GeV antiprotons exhibit a spectral
shape similar to that of positrons

et/p fluxratio

4 C
= « AMS Data
3
2 E ‘ 1 11 * + + 1 * ] I ?
E'} *Y T T T I
1TE  ®./®;=2.00 +0.035(stat.) + 0.06(syst.)
| Energy [GeV]
% 100 200 500

The positron-to-antiproton flux ratio is
constant (does not depend on energy).

This suggests a possible common source of high energy positrons and antiprotons.
Antiprotons cannot come from pulsars.

Common source of positrons and antiprotons = Positrons do not come from pulsars

IAPP 2025 C. Perrina
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Positrons and model

AMS report

T T 25— o —
% [+ AMS 1.9 million positrons ] % [+ AMS 1.9 million positrons ]
S—E 20'_ = Dark Matter Model 2 -(I-D 20'_ = Dark Matter Model 2
K7 - = Cosmic Ray Collisions - ‘_3 C = Cosmic Ray Collisions 7
(\;U) - APJ 729 106 (2011) o (\;‘l’ o * Projection to 2028 with DM model -
E 151 ; — E 151 1.2 Tev -
o B Dark Matter i B B Dark Matter i
I " L 1
w10 - W 10~ —
5 C_ Cosmic Ray Collisions - 5 " Cosmic Ray Collisions —
- Energy [GeV] - . Energy [GeV] -
L e o aul sl el sl PRI | o] L
1 10 100 1000 1 10 100 1000
With the increase in statistics, AMS will
extend the measurement up to 2 TeV,
which will enable to determine the origin
of the positron excess, i.e. to distinguish
the dark matter origin of the excess from
other astrophysical explanations.
IAPP 2025 C. Perrina 25



Antiproton flux

AMS report

::314 :— a) .
KN =
9212 3 AtiS The continuation of data taking
C ° .
/?,,10 - | through the lifetime of the ISS
iy . will provide an important
6 b understanding of the origin of
. E high energy positrons and
a Phys. Rev. Lett. 118, 191101 (2017) .
2 C &= Antiprotons from Cosmic Ray Collision antlprOtonS‘
:_ Antiprotons from Dark Matter Annihilation — — -
o' R o PR | . . s s
2
1 10 10°Rigidityl [GV]

What's on the x-axis?
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Cosmic electrons, p

EsCDet [GeVZ m2 sr!s ]

LIzl AMS electrons

250 LELELEY |

200

150

100

50
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L] ll Ll L} Ll L ll
Electrons o AMS-02, electron data

== Electron Power law a

== Electron Power law b

o AMS-02, positron data

— Positron Fit (Eq.(4) in Ref.[4])
&= Positron Diffuse term [4]

&= Positron Source term [4]

10 100
Energy [GeV]

Positrons

== Electron Fit with Eq.(5) and 68% C.L. band :

1000

C. Perrina

ositrons, antiprotons

Electrons originate from different sources

than positrons.

The electron spectrum comes from two

power laws.

The positron flux is the sum of a low-

energy part from cosmic ray collisions

plus a high energy part with a cut-off

energy Es from an astrophysical source or

dark matter.

The antiproton spectrum rules out the

pulsar origin of positrons.

27



Light Primaries: p, He, C, O

AMS Report

Protons, one billion proton events collected by AMS
x10°

[ m2ssr' GeV'’]

2.7
K

Flux x E

14 e AMS —
BESS :
CREAM (o ‘ | ;"
12 PAMELA Ly % JIJ % 4 g
ATIC i - 1 2
10 CALET #", e Al * L %_‘
DAMPE I .
8 =
e 3
: 3
2 Kinetic Energy (EK) [GeV] -:
0 Tt e aaaaual e aaaaul .x.“"ﬂ el ||""'|
1 10 102 10° 10
The proton flux does not follow a single
power law: above 200 GV the flux hardens.

IAPP 2025
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3
4 x10"_ : i i -
[ a Helium
3 [ o Oxygenx28 %
. 4
popsesrssaaeancsns i b B oy 4 B %

N
Tr T [ rrrr[r1

-

Flux x B> [ m2s7sr'' (GV)']

0 . 3

60 10> 2x10%_ . 10 2x10°
Rigidity R [GV]

Above 60 GV, the primary cosmic rays have
identical rigidity dependence.
Also the spectra of He, C, and O harden above
200 GV.

Which is the origin of the spectral hardening?

28
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Exercises
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What is Astroparticle Physics?

Astroparticle physics is the fascinating field of research at the of
, and

It simultaneously addresses challenging questions relating to the micro-cosmos
(the world of elementary particles and their fundamental interactions) and the
macro-cosmos (the world of celestial objects and their evolution) and, as a result,
is well-placed to advance our understanding of the Universe beyond the Standard
Model of particle physics and the Big Bang Model of cosmology.

Particle physics ] ]
Astroparticle physics

Astronomy Cosmology

https://www.appec.org/

IAPP 2025 C. Perrina 31



https://www.appec.org/

Interaction processes

Charged particles

https://pdg.Ibl.sov/2023/reviews/rpp2023-rev-passage-particles-matter.pdf
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lonization energy loss: mean value

Charged particles traversing matter lose energy in the collisions with atomic electrons, leading to the
ionization of the atoms. Bethe-Bloch formula describes the mean energy loss rate (per unit path length)

due to this ionization.

dFE o QZ 1 1 2m60252'}’2Wmax 2 5(67)
(-@) =% [51“ po Ty

4 p
Z charge number of incident particle 10 v T T T T T T T TE
A atomic number of absorber 8 —
A atomic mass of absorber g mol™! —
K 4mNarimec® 0.307 075 MeV mol ™! cm? 6
(Coefficient for dE/dx) 3 £
I mean excitation energy eV (Nota bene!) 45

0(fB7) density effect correction to ionization energy loss

M  incident particle mass

(—dE/dx)y MeV g—! cm?)
W
|

2 22,2
Wnax = 2mec” b7y 5 Maximum possible
1+ 2yme/M + (me/M) energy transferred to an
electron in a single
collision 1 1 |||l||l| 1 |l|l|||| 1 lll||1I| 1 IIIIlIII 1 11 111l
For 2yme > M, Wiax = Mc? %y 0.1 1.0 10 100 1000 10000

J By = p/Mc

Z/A = 0.5 in most materials = the energy loss does not depend much on the medium.

It decreases as 1/B2 at low speed (By < 1).
It reaches a minimum at about By ~ 3.5 where the energy los is between 1 and 2 MeV/(g/cm”2).

<« /7

It increases logarithmically until it reaches the «Fermi plateau».
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lonization energy loss: stochastic process

Bethe-Bloch formula

Cda

dE Z 1 |1
< >:Kz2—— [—ln

The Bethe-Bloch formula expresses the mean
energy loss rate, which is a stochastic process
involving many elementary collisions and is
subject to fluctuations.

For absorber with small thickness or low
density, the energy loss distribution exhibits a
long tail toward high energy losses, described
by the Landau distribution.

For absorber with large thickness, the energy
loss distribution approaches a Gaussian.
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Range

The “range” is defined as the distance a particle travels before it loses all its kinetic
energy.

dFE
Energy deposited in dx: dE = (— %) . dzx
dFE
dxr = - ( iE )
dx /ion

The range can be obtained by integrating dx over R(E) /d:c B /E dE
all the energy deposited, that is, from 0 to the B Jo —(4B)
total initial kinetic energy E.

ion

Stopping Powers and Ranges for Protons and Alpha Particles:
http://physics.nist.gov/PhysRefData/Star/Text/PSTAR.html and
http://physics.nist.gov/PhysRefData/Star/Text/ASTAR.html.
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Multiple Coulomb scattering

As a charged particle crosses a finite thickness x of material, it loses energy primarily
through ionization—transferring energy to the electrons of the medium—and
undergoes numerous small-angle deflections due to elastic scattering with nuclei, a
process known as multiple Coulomb scattering. The distribution of the resulting
deflection angle is approximately Gaussian, with a root mean square (RMS) angle given

by:
13.6 MeV €T x22
s — 0, = — (1 4+ 0.0381
plane = %0 = g T2y Xo[ " n<X05)]

Where X is the radiation length:

27 P n(183 7 1/3
X . T n )
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Bremsstrahlung or radiation energy loss

For electrons, the Bethe-Bloch formula must be modified to account for the fact that
the projectile and the target are identical particles. At high energies, a more
significant energy loss mechanism is Bremsstrahlung ("braking radiation"): when
electrons are deflected in the electric field of nuclei, they undergo acceleration,
resulting in the emission of electromagnetic radiation.

dE E NaZ%p _
— ) o~ e gy? In (183273 E
()= = s

E(x) = E, e~*/%

4 )
_1 Radiation length (X;) is the distance at which
E(XO) — Eoe the energy is reduced by a factor of 1/e due to

only the radiation energy loss.
- /
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Bremsstrahlung or radiation energy loss

0
- ~ — ~4ria———In (1832 1/3) E

2
dE\ _E , NaZ
d XO € A
This energy loss is added to the ionization energy loss.
The radiative contribution to the energy losses is linear in E, and therefore for a certain value of E
these losses will exceed those due to ionization, which instead tend to become constant. The value of
E for which the losses due to ionization equal those due to radiation is called critical energy, E
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Cherenkov effect

When a charged particle crosses a dielectric medium (with refractive index 7), it polarizes the atoms of

the medium close to its trajectory. After the particle passes, the atoms return to their initial position

through the emission of an electromagnetic radiation.

Induced temporary
electric dipole

moments in the atoms

If the speed (v) of the particle is smaller than the speed of light in
the medium (c/n), the radiation emitted by the atoms of the
medium interfere destructively with each other, producing a
damped radiation with an intensity that decreases exponentially
with the distance.

If the speed (v) of the particle is larger than the speed of light in the
medium (c/n), there is the production of spherical waves that
interfere constructively with each other to form a wave front
detectable even at a large distance. The radiation emitted is called
Cherenkov radiation.
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Cherenkov effect: a threshold effect

From the geometric construction of Huygens it is possible to determine the angle that
the Cherenkov photons form with the direction of propagation of the particle:

Cherenkov light

< + Wavefront

Wavefront
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The wavelength of the

Cherenkov photons

The Cherenkov spectrum is continuous extending from the ultraviolet region into the visible part of
the spectrum. Only a negligible amount of photon emissions is found in the infrared or microwave
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To detect the Cherenkov light,
the dielectric medium must be transparent.

The Frank-Tamm formula: Cherenkov photon yield (it depends on charge and speed of particle) :

d*N
daxd\

2T |
Z sin%46

)\2

:Zz
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fine-structure constant

1
cos ) = n a = e* /dmeghc
1/137.035 999
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The energy of the Cherenkov photons

c= \V A
dN/dA dN/dE
c hc hce
AT T E
LN
dN
d_N X i —— = const.
d\ )2 dFE
The emitted energy per unit
length of the particle path and .
particle :
per unit wavelength of the trajectory ~~ ___ e

photons is:
d*E yAmlahc |
Ty =z B sin“ 6
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RICH of AMS

It consists of :

2 radiators:

o  The central one made of sodium fluoride
with refractive index n = 1.33 (this allows the
detection of particles with > 0.75);

o  The external one made of silica aerogel with
refractive index n = 1.05 (this allows the
detection of particles with B > 0.95).

The expansion volume extends vertically for 470 mm,
surrounded by a high reflectivity mirror to increase
detection efficiency.

The photodetection plane is an array of 10’880
photosensors in multi-channel photomultiplier tubes
with an effective spatial granularity of 8.5 x 8.5 mm?.

The opening angle of the Cherenkov radiation cone
is a measure of the speed of the incoming charged
particle. The sum of the signal amplitudes is

proportional to 22 thus it is a charge measurement. NEiitittrtd
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