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Radiation and Nuclear Physics
• History 

• Discovery of radiation and radioactive material 
• Wilhelm Conrad Röntgen 

• Antoine Henri Becquerel 

• Maria Salomea Skłodowska-Curie (Marie Curie) 

• Pierre Curie 

• Hierarchy of material is recognized 
• Atom 

• Nucleus and electron 
• Stable and unstable nucleus 

• proton and neutron 

• quark and lepton
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Atom, Nucleus, Elementally Particle
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Radiation
• α-ray 

• 4He nucleus 

• β-ray 
• electron and positron (anti-particle of electron) 

• X-ray, γ-ray 
• high-energy electromagnetic radiation 

• X-ray: from transition of electron between different orbits 

• γ-ray: from nucleus 

• neutron 
• nucleus consists from proton and neutron
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Charged particle



Particle Physics

• Elementally particle physics and nuclear physics 
• Physicist wants to know phenomena of nature 
• Physics in small size 

• for example, how to probe inside of atom 

• Discovery of electron (J.J. Thomson) 
• Atom is NOT elementally particle 

• Existence of nucleus (positive charged particle) 

• What is structure of atom?
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Models of Atom Structure
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In 1904, J.J. Thomson’s model 
Plam pudding model： 
   +/- particles are distributed evenly

In 1903, Hantarou Nagaoka 
Saturn-like model: 
+ particle is solidified in the center  
and electrons are turning around

Photo:　Wikimedia commons
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Rutherford scattering

In 1911, Ernest Rutherfod’s Lab group 
Assistant, Johannes Wilhelm Geiger 
Students: Ernest Marsden

Hits α-ray (4He nucleus) to a thin gold film

Plam Pudding Model Saturn-like Model

α-ray pass thorough the film
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Experiment support this result



To Know Structures in Small World
• Collide elementary particle or nucleus to a target 

• Particle beam and fixed target 
• Collider 

• After collision 
• Scattering of particles 
• Emission from inside of target particle 
• Particles newly created 

• Detectors to measure and identify 
• Momentum (mass × velocity)  
• Velocity (Time of flight and flight length) 
• Particle species
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Units
• In field of elementals particle/Nuclear physics 

• Energy: eV (electron volt) 
• 1 [eV] = 1.6×10-19 [J] 

• Length: fm (femto meter) 
• 1 [fm] = 10-15 [m] = 10-13 [cm] 

• Cross section: b (barn) 
• 1 [barm] = 100 [fm2] = 10-28 [m2] 

• Example 
• Proton 

• mass: 0.938 GeV/c2, electrical radius ~0.9 fm 
• E= mc2, c: light velocity 

• Electron 
• mass: 0.511 MeV/c2  (~ 1/1836 of proton mass) 
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Measurement Principle 
of Charged Particles



Passage of Particles Through Matter
• Charged particle 

• Energy loss with electrons in matter 
• Bremsstrahlung radiation 
• Synchrotron radiation 
• Cherenkov radiation 
• Knock-on election (δ-ray) 

• X-ray, γ-ray 
• Photoelectric effect 
• Compton scattering 
• Pair production of electron and positron 

• Neutron 
• Interaction with nucleus and emission of proton or γ-ray
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• X-ray, γ-ray 
• Photoelectric effect 
• Compton scattering 
• Pair production of electron and positron 

• Neutron 
• Interaction with nucleus and emission of proton or γ-ray



Charged Particles
• Nucleus 
• Nucleon: component t of 

nucleus 
• proton (positive charge) and 

neutron (neutral) 
• Family of Hadrons  

• Hadron 
• Particle consisted of quarks 
• Meson (quark and anti-quark) 
• Baryon (three quarks) 

• Electron, muon, and tau
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Quark

Lepton

up charm top

down strange bottom

electron muon tauon

electron neutrino mu neutrino tau neutrino

Illustration: Yuki Akimoto, https://higgstan.com/

Table of  
elementary particles



Interaction of Charged Particle with Matter

• Several 
processes 
• Energy 

dependences
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Ref.: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018).
available on the PDG WWW page  (http://pdg.lbl.gov)

4 33. Passage of particles through matter

with mean M0. Ne is either measured in electrons/g (Ne = NAZ/A) or electrons/cm3

(Ne = NA ρZ/A). The former is used throughout this chapter, since quantities of interest
(dE/dx, X0, etc.) vary smoothly with composition when there is no density dependence.
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Fig. 33.1: Mass stopping power (= ⟨−dE/dx⟩) for positive muons in copper as a function
of βγ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in
kinetic energy). Solid curves indicate the total stopping power. Data below the break at
βγ ≈ 0.1 are taken from ICRU 49 [4], and data at higher energies are from Ref. 5. Vertical
bands indicate boundaries between different approximations discussed in the text. The
short dotted lines labeled “µ− ” illustrate the “Barkas effect,” the dependence of stopping
power on projectile charge at very low energies [6]. dE/dx in the radiative region is not
simply a function of β.

33.2.2. Maximum energy transfer in a single collision :

For a particle with mass M ,

Wmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (33.4)

In older references [2,8] the “low-energy” approximation Wmax = 2mec2 β2γ2, valid for
2γme ≪ M , is often implicit. For a pion in copper, the error thus introduced into dE/dx
is greater than 6% at 100 GeV. For 2γme ≫ M , Wmax = Mc2 β2γ.

At energies of order 100 GeV, the maximum 4-momentum transfer to the electron can
exceed 1 GeV/c, where hadronic structure effects significantly modify the cross sections.

June 5, 2018 19:57



Energy Loss

• When the charged particles pass through the matter, 
its energy loses gradually by ionizing electrons 
• Bethe-Bloch equation
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33. Passage of particles through matter 5

This problem has been investigated by J.D. Jackson [9], who concluded that for hadrons
(but not for large nuclei) corrections to dE/dx are negligible below energies where
radiative effects dominate. While the cross section for rare hard collisions is modified, the
average stopping power, dominated by many softer collisions, is almost unchanged.

33.2.3. Stopping power at intermediate energies :

The mean rate of energy loss by moderately relativistic charged heavy particles is
well-described by the “Bethe equation,”

〈

−
dE

dx

〉

= Kz2 Z

A

1

β2

[

1

2
ln

2mec2β2γ2Wmax

I2 − β2 −
δ(βγ)

2

]

. (33.5)

It describes the mean rate of energy loss in the region 0.1 <∼ βγ <∼ 1000 for intermediate-Z
materials with an accuracy of a few percent.

This is the mass stopping power ; with the symbol definitions and values given in
Table 33.1, the units are MeV g−1cm2. As can be seen from Fig. 33.2, ⟨−dE/dx⟩ defined
in this way is about the same for most materials, decreasing slowly with Z. The linear
stopping power, in MeV/cm, is ⟨−dE/dx⟩ ρ, where ρ is the density in g/cm3.

Wmax is defined in Sec. 33.2.2. At the lower limit the projectile velocity becomes
comparable to atomic electron “velocities” (Sec. 33.2.6), and at the upper limit radiative
effects begin to be important (Sec. 33.6). Both limits are Z dependent. A minor
dependence on M at the highest energies is introduced through Wmax, but for all
practical purposes ⟨dE/dx⟩ in a given material is a function of β alone.

Few concepts in high-energy physics are as misused as ⟨dE/dx⟩. The main problem is
that the mean is weighted by very rare events with large single-collision energy deposits.
Even with samples of hundreds of events a dependable value for the mean energy loss
cannot be obtained. Far better and more easily measured is the most probable energy
loss, discussed in Sec. 33.2.9. The most probable energy loss in a detector is considerably
below the mean given by the Bethe equation.

In a TPC (Sec. 34.6.5), the mean of 50%–70% of the samples with the smallest signals
is often used as an estimator.

Although it must be used with cautions and caveats, ⟨dE/dx⟩ as described in Eq. (33.5)
still forms the basis of much of our understanding of energy loss by charged particles.
Extensive tables are available[4,5, pdg.lbl.gov/AtomicNuclearProperties/].

For heavy projectiles, like ions, additional terms are required to account for higher-
order photon coupling to the target, and to account for the finite target radius. These
can change dE/dx by a factor of two or more for the heaviest nuclei in certain kinematic
regimes [7].

The function as computed for muons on copper is shown as the “Bethe” region of
Fig. 33.1. Mean energy loss behavior below this region is discussed in Sec. 33.2.6, and the
radiative effects at high energy are discussed in Sec. 33.6. Only in the Bethe region is it a
function of β alone; the mass dependence is more complicated elsewhere. The stopping
power in several other materials is shown in Fig. 33.2. Except in hydrogen, particles with
the same velocity have similar rates of energy loss in different materials, although there
is a slow decrease in the rate of energy loss with increasing Z. The qualitative behavior
difference at high energies between a gas (He in the figure) and the other materials shown

June 5, 2018 19:57

Ref.: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018).
available on the PDG WWW page  (http://pdg.lbl.gov)



Energy Loss

• When the charged particles pass through the matter, 
its energy loses gradually by ionizing electrons 
• Bethe-Bloch equation

15

33. Passage of particles through matter 5

This problem has been investigated by J.D. Jackson [9], who concluded that for hadrons
(but not for large nuclei) corrections to dE/dx are negligible below energies where
radiative effects dominate. While the cross section for rare hard collisions is modified, the
average stopping power, dominated by many softer collisions, is almost unchanged.

33.2.3. Stopping power at intermediate energies :

The mean rate of energy loss by moderately relativistic charged heavy particles is
well-described by the “Bethe equation,”

〈

−
dE

dx

〉

= Kz2 Z

A

1

β2

[

1

2
ln

2mec2β2γ2Wmax

I2 − β2 −
δ(βγ)

2

]

. (33.5)

It describes the mean rate of energy loss in the region 0.1 <∼ βγ <∼ 1000 for intermediate-Z
materials with an accuracy of a few percent.

This is the mass stopping power ; with the symbol definitions and values given in
Table 33.1, the units are MeV g−1cm2. As can be seen from Fig. 33.2, ⟨−dE/dx⟩ defined
in this way is about the same for most materials, decreasing slowly with Z. The linear
stopping power, in MeV/cm, is ⟨−dE/dx⟩ ρ, where ρ is the density in g/cm3.

Wmax is defined in Sec. 33.2.2. At the lower limit the projectile velocity becomes
comparable to atomic electron “velocities” (Sec. 33.2.6), and at the upper limit radiative
effects begin to be important (Sec. 33.6). Both limits are Z dependent. A minor
dependence on M at the highest energies is introduced through Wmax, but for all
practical purposes ⟨dE/dx⟩ in a given material is a function of β alone.

Few concepts in high-energy physics are as misused as ⟨dE/dx⟩. The main problem is
that the mean is weighted by very rare events with large single-collision energy deposits.
Even with samples of hundreds of events a dependable value for the mean energy loss
cannot be obtained. Far better and more easily measured is the most probable energy
loss, discussed in Sec. 33.2.9. The most probable energy loss in a detector is considerably
below the mean given by the Bethe equation.

In a TPC (Sec. 34.6.5), the mean of 50%–70% of the samples with the smallest signals
is often used as an estimator.

Although it must be used with cautions and caveats, ⟨dE/dx⟩ as described in Eq. (33.5)
still forms the basis of much of our understanding of energy loss by charged particles.
Extensive tables are available[4,5, pdg.lbl.gov/AtomicNuclearProperties/].

For heavy projectiles, like ions, additional terms are required to account for higher-
order photon coupling to the target, and to account for the finite target radius. These
can change dE/dx by a factor of two or more for the heaviest nuclei in certain kinematic
regimes [7].

The function as computed for muons on copper is shown as the “Bethe” region of
Fig. 33.1. Mean energy loss behavior below this region is discussed in Sec. 33.2.6, and the
radiative effects at high energy are discussed in Sec. 33.6. Only in the Bethe region is it a
function of β alone; the mass dependence is more complicated elsewhere. The stopping
power in several other materials is shown in Fig. 33.2. Except in hydrogen, particles with
the same velocity have similar rates of energy loss in different materials, although there
is a slow decrease in the rate of energy loss with increasing Z. The qualitative behavior
difference at high energies between a gas (He in the figure) and the other materials shown

June 5, 2018 19:57

Ref.: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018).
available on the PDG WWW page  (http://pdg.lbl.gov)

Capital characters: parameters related Matter 
lower characters: related incident particle



Energy Loss
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Figure 33.2: Mean energy loss rate in liquid (bubble chamber) hydrogen, gaseous
helium, carbon, aluminum, iron, tin, and lead. Radiative effects, relevant for
muons and pions, are not included. These become significant for muons in iron for
βγ >∼ 1000, and at lower momenta for muons in higher-Z absorbers. See Fig. 33.23.

in the figure is due to the density-effect correction, δ(βγ), discussed in Sec. 33.2.5. The
stopping power functions are characterized by broad minima whose position drops from
βγ = 3.5 to 3.0 as Z goes from 7 to 100. The values of minimum ionization as a function
of atomic number are shown in Fig. 33.3.

In practical cases, most relativistic particles (e.g., cosmic-ray muons) have mean energy
loss rates close to the minimum; they are “minimum-ionizing particles,” or mip’s.

Eq. (33.5) may be integrated to find the total (or partial) “continuous slowing-down
approximation” (CSDA) range R for a particle which loses energy only through ionization
and atomic excitation. Since dE/dx depends only on β, R/M is a function of E/M or
pc/M . In practice, range is a useful concept only for low-energy hadrons (R <∼ λI , where
λI is the nuclear interaction length), and for muons below a few hundred GeV (above
which radiative effects dominate). R/M as a function of βγ = p/Mc is shown for a
variety of materials in Fig. 33.4.

The mass scaling of dE/dx and range is valid for the electronic losses described by the
Bethe equation, but not for radiative losses, relevant only for muons and pions.
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Figure 34.15: Energy deposit versus momentum measured in the ALICE
TPC [111].

N , on the thickness of the sampling layers t, and on the gas pressure P can be estimated
using an empirical formula [112]:

σdE/dx = 0.41 N−0.43(t P )−0.32. (34.16)

Typical values at nominal pressure are σdE/dx = 4.5 to 7.5%, with t = 0.4 to 1.5 cm and
N = 40 up to more than 300. Due to the high gas pressure of 8.5 bar, the resolution
achieved with the PEP-4/9 TPC was an unprecedented 3% [113].

The greatest challenges for a large TPC are due to the length of the drift of up to
several meters. In particular, it can make the device sensitive to small distortions in the
electric field. Such distortions can arise from a number of sources, e.g. imperfections
in the field cage construction or the presence of ions in the drift volume. The electron
drift in a TPC in the presence of a magnetic field is defined by Eq. (34.13). The E ×B
term of Eq. (34.13) vanishes for perfectly aligned electric and magnetic fields, which can
however be difficult to achieve in practice. Furthermore, the electron drift depends on the
ωτ factor, which is defined by the chosen gas mixture and magnetic field strength. The
electrons will tend to follow the magnetic field lines for ωτ > 1 or the electric field lines for
ωτ < 1. The former mode of operation makes the TPC less sensitive to non-uniformities
of the electric field, which is usually desirable.

The drift of the ionization electrons is superposed with a random diffusion motion
which degrades their position information. The ultimate resolution of a single position
measurement is limited to around

σx =
σD

√
L√

n
, (34.17)
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in the figure is due to the density-effect correction, δ(βγ), discussed in Sec. 33.2.5. The
stopping power functions are characterized by broad minima whose position drops from
βγ = 3.5 to 3.0 as Z goes from 7 to 100. The values of minimum ionization as a function
of atomic number are shown in Fig. 33.3.

In practical cases, most relativistic particles (e.g., cosmic-ray muons) have mean energy
loss rates close to the minimum; they are “minimum-ionizing particles,” or mip’s.

Eq. (33.5) may be integrated to find the total (or partial) “continuous slowing-down
approximation” (CSDA) range R for a particle which loses energy only through ionization
and atomic excitation. Since dE/dx depends only on β, R/M is a function of E/M or
pc/M . In practice, range is a useful concept only for low-energy hadrons (R <∼ λI , where
λI is the nuclear interaction length), and for muons below a few hundred GeV (above
which radiative effects dominate). R/M as a function of βγ = p/Mc is shown for a
variety of materials in Fig. 33.4.

The mass scaling of dE/dx and range is valid for the electronic losses described by the
Bethe equation, but not for radiative losses, relevant only for muons and pions.
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Calculation from the equation Measurement results of an experiment

Ref.: M. Tanabashi et al. (Particle Data Group), 
Phys. Rev. D 98, 030001 (2018).
available on the PDG WWW page 
(http://pdg.lbl.gov)



Bremsstrahlung Radiation

• Charged particle is 
bended by acceleration/
deceleration from strong 
electro-magnetic field by 
nucleus 

• Charged particle emits  
part of the energy as 
electromagnetic waves
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Bremsstrahlung Radiation

• Dominant process for 
e+/e- (in E> ~ 10 MeV)  

• One of processes in 
Electro-Magnetic 
shower

18

33. Passage of particles through matter 19

Table 33.2: Tsai’s Lrad and L′
rad, for use in calculating the radiation length in an

element using Eq. (33.26).

Element Z Lrad L′
rad

H 1 5.31 6.144
He 2 4.79 5.621
Li 3 4.74 5.805
Be 4 4.71 5.924

Others > 4 ln(184.15 Z−1/3) ln(1194 Z−2/3)

Figure 33.11: Fractional energy loss per radiation length in lead as a function of
electron or positron energy. Electron (positron) scattering is considered as ionization
when the energy loss per collision is below 0.255 MeV, and as Møller (Bhabha)
scattering when it is above. Adapted from Fig. 3.2 from Messel and Crawford,
Electron-Photon Shower Distribution Function Tables for Lead, Copper, and Air
Absorbers, Pergamon Press, 1970. Messel and Crawford use X0(Pb) = 5.82 g/cm2,
but we have modified the figures to reflect the value given in the Table of Atomic
and Nuclear Properties of Materials (X0(Pb) = 6.37 g/cm2).

33.4.3. Bremsstrahlung energy loss by e± :

At very high energies and except at the high-energy tip of the bremsstrahlung
spectrum, the cross section can be approximated in the “complete screening case” as [42]

dσ/dk = (1/k)4αr2
e
{

(4
3 − 4

3y + y2)[Z2(Lrad − f(Z)) + Z L′
rad]

+ 1
9 (1 − y)(Z2 + Z)

}

,
(33.29)
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}

,
(33.29)

June 5, 2018 19:57

33. Passage of particles through matter 19

Table 33.2: Tsai’s Lrad and L′
rad, for use in calculating the radiation length in an

element using Eq. (33.26).

Element Z Lrad L′
rad

H 1 5.31 6.144
He 2 4.79 5.621
Li 3 4.74 5.805
Be 4 4.71 5.924

Others > 4 ln(184.15 Z−1/3) ln(1194 Z−2/3)

Figure 33.11: Fractional energy loss per radiation length in lead as a function of
electron or positron energy. Electron (positron) scattering is considered as ionization
when the energy loss per collision is below 0.255 MeV, and as Møller (Bhabha)
scattering when it is above. Adapted from Fig. 3.2 from Messel and Crawford,
Electron-Photon Shower Distribution Function Tables for Lead, Copper, and Air
Absorbers, Pergamon Press, 1970. Messel and Crawford use X0(Pb) = 5.82 g/cm2,
but we have modified the figures to reflect the value given in the Table of Atomic
and Nuclear Properties of Materials (X0(Pb) = 6.37 g/cm2).

33.4.3. Bremsstrahlung energy loss by e± :

At very high energies and except at the high-energy tip of the bremsstrahlung
spectrum, the cross section can be approximated in the “complete screening case” as [42]

dσ/dk = (1/k)4αr2
e
{

(4
3 − 4

3y + y2)[Z2(Lrad − f(Z)) + Z L′
rad]

+ 1
9 (1 − y)(Z2 + Z)

}

,
(33.29)

June 5, 2018 19:57

Ref.: M. Tanabashi et al. (Particle Data Group), 
Phys. Rev. D 98, 030001 (2018).
available on the PDG WWW page (http://pdg.lbl.gov)
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Synchrotron Radiation
• Light was observed from the electron's orbital plane on 

bending the electron by magnetic field 
• As with bremsstrahlung, electromagnetic waves are 

generated by bending charged particles in a magnetic field 
• Infrared light to X-rays 

• Tool to know material structure
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electron beam Synchrotron light 
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tangential direction of 
the curve



Light Source Facilities
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Fig. 4. Synchrotron radiation sources around the world.

presents the spectra calculated with SRW [71] for the different
insertion devices of SOLEIL 2.75 GeV synchrotron light source in
France. In-vacuum undulators [72] enable to reach a higher field
by placing directly the magnets inside the vacuum chamber. By
cooling down Nd2Fe14B permanent magnets, Br is increased by 10%
and the coercivity by a factor of 3 [73,74]. Nd2Fe14B base cryogenic
undulators [75] should be operated around 130–140 K because of
the spin reorientation transition occurring at lower temperatures
[76] requiring the cryogenic undulator to be cooled down to the
liquid nitrogen temperature and heated back to the working tem-
perature to 140 K. Pr2Fe14B based cryogenic undulators [77] can be
directly cooled and operated at 77 K. Superconducting undulators,
for which active R&D is under way, can potentially lead to high
magnetic fields [78–81]. For the spectral range extension toward
higher photon energies, in-vacuum wigglers [82–84] offer a good
alternative to superconducting wigglers [85] with an easier daily
operation.

The electric field of the radiation is in the plane of the elec-
tron trajectory. For a vertical magnetic field, the electron follows
a wiggler trajectory in the horizontal plane. Combining magnetic
fields in both planes with a possible phasing between them enable
to provide various type of polarization from liner vertical, linear
horizontal to circular one, or more generally elliptical one. Elec-
tromagnetic technology with [86] or without poles [87] suits well
for the fabrication of rather long period elliptically polarized undu-
lators (EPU), providing the possibility of any type of polarization.
Permanent magnet based schemes also exist, such as crossed undu-
lators [88], HELIOS [89], Diviacco/Walker scheme [90], APPLE-I [91],
APPLE-II [92], APPLE-III [93], a 6-arrays device [94], DELTA [95].
Combining electromagnets and permanent magnet provides a fast
switching of the polarization from circular right to circular left and
vice versa [96–98].

The storage ring radio-frequency cavities re-accelerate the par-
ticles at each turn and give them back the energy they have lost by
synchrotron radiation. The electrons are packed in a large number
of bunches with a bunch length of about ten picoseconds (FWHM),
being imposed by the dynamic equilibrium linked to the high num-
ber of turns. The electron longitudinal oscillation imposed by the
radio-frequency system induces a pulse minimum duration of few

tens of picoseconds, to which adds a systematic bunch lengthening
following the interaction with the emitted microwave field [99].
There are various strategies for shortening the radiated pulse dura-
tion e.g. [100]. The simplest one is to operate with a specific electron
optics (low momentum compaction factor) providing short pulses
at low current [101]. Another strategy is to flip the transverse phase
space to the longitudinal one and vice versa. Otherwise, the “so-
called” slicing techniques using the interaction of a femtosecond
laser with the electron bunches in an undulator [102] can produce
subpicosecond radiation pulses on these rings, but to the detri-
ment of the total flux. Different simultaneous short bunches can
also be achieved depending on the phase of different superimposed
RF fields [103].

Spatially coherent synchrotron radiation from storage rings is
achieved for an electron beam emittance of the order of the targeted
wavelength. The emittance depends on the lattice, the bending
angle per dipole, the partition number, and of the dipole and wig-
gler energy loss [104]. There are different strategies for emittance
reduction [105] for the so-called ultimate storage rings, such as
the use of the high number of dipoles and of the minimization of
the lattice function with strong focusing and multibends, the use
of damping wiggler (which leads however to an increase of the
energy spread), and by a change of the partition number, in using
a Robinson wiggler for example [106]. For example, PETRA III at
6 GeV [107] reaches 1 nm with a large circumference and the use
of damping wigglers, NSLS-II at 3 GeV [108] is aiming at 0.5 nm,
MAX-IV at 3 GeV aims at 0.24 nm with a 7 bend achromat optics
and the use of damping wigglers [109], ESRF at 6 GeV targets an
emittance reduction in two step, from 4 nm rad to 0.15 nm rad and
0.01 nm rad, corresponding to an increase of the undulator bright-
ness (the number of photon per cell in phase space) by a factor 25
and then 5 [110].

Synchrotron radiation light sources are widely developed
around the world, as illustrated in Fig. 4.

The common approach is to define the brilliance as the number
of photons per second and per unit of phase space (or the density
distribution in phase space), which corresponds to the geometrical
optics frame. It is defined in the general case in the frame of the
Wigner distribution [111,112]. It can be approximated in the case

Figure: Journal of Electron Spectroscopy and Related Phenomena 196 (2014) 3–13



Cherenkov Radiation 

• Radiation of particle of which speed is faster 
than light velocity in a material 
• Velocity of light: c/n 

• c: Speed of light in vacuum 

• n: Refractive index of material 

• Discovered by Pavel A. Cherenkov in 1934 
• 1958 Nobel Prize in Physics
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Cherenkov Radiation 
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• Polarization by Coulomb force of charged particle

• Symmetric polarization by slow particles 
• Even if unpolarized, no emission of 

electromagnetic wave

• Asymmetric polarization by fast particles 
• When the morecules are unpolarized,  

electromagnetic wave is emitted to the 
outside.



Cherenkov Radiation 
• Spherical electromagnetic wave 

• From each point after unpolarized 

• Superimposed wave: Plain 
• Huygens' principle 

• Emitted at an angle of θ with respect to 
the traveling direction 

• Condition of Cherenkov radiation 

• For same momentum 
• β is differ with mass 

• Cherenkov light is emitted or not emitted 

• angle θ is different from particle mass
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Signales in Detector
• Charged particle makes a signal by interaction with material 

• Ionization 
• Gas (electron and ion pair) 

• Semiconductor (electron and hole) 

• Scintillation 
• Electron in material is excited by Coulomb force 

• Visible light / Ultraviolet emission with de-excitation 

• Cherenkov light 

• Detectors to measure and identify 
• Momentum (mass × velocity)  
• Velocity (Time of flight and flight length) 
• Particle species
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Example: NKS2 Experiment at ELPH in Tohoku Univ.

26

Electron synchrotron 

    Max Ee = 1.3 GeV 

2nd experimental hall in ELPH

Magnetic spectrometer for  
charged particle measurement

Photon beam is generated 
by bremsstrahlung from a 
interaction of electron 
with carbon wire 

NKS2 experiment: 
Measurement of  
hadron production  
by γ+p / γ+n reaction

Scattered electron 
detector in the 
bending magnet



Momentum
• Momentum can be estimated from trajectory in magnetic field 

• Lorentz force: F = qv×B 

• Equation of motion of circle: F = ma = mv2/r 

• ρ = mvt/qB = pt/qB 
• ρ: radius of bending curve 

• vt, pt: transverse component of velocity and momentum 

• Trajectory reconstructed from hits in detector(s) 
• Si semiconductor detector, drift chamber, and etc. 

• Typical position resolution: several 10 µm to a few 100 µm  
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Drift Chamber of NKS2

28

Many wires in gas volume 
Wire: make electrical field and detection of signal



Drift Chamber of NKS2
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Fig. 8. Schematic view of CDC. The cross-section in the vertical direction along the beam
is shown in the bottom left.

Table 3
Specification and operation condition of CDC.

Drift gas Ar + C2H6 (50:50)
Gas pressure 1 atm
Body material Aluminum alloy (JIS A5052)
Support cylinder material 0.5-mm-thick CFRP
Body size 400–1600 mm ø ù630H mm
Number of layers 10 (6 axial and 4 stereo layers)
Stereo angle 6.44–6.87˝
Sense wire 20 �m ø Au plated W (Re doped)
Field and shield wire 100 �m ø Au plated Cu–Be
Wire tension 0.49 N (sense)

0.78 N (field and shield)
Cell shape Hexagon
Half-cell size 12 mm
Operation voltage *2.8 kV (field) and *1.4 kV (shield)

V/pC at preamp, and there were two models with different integration
time constants (16 and 80 ns). We chose 16 ns integration time constant
types, because a high hit rate was expected. The ASD chip had analog
and digital (LVDS) outputs, and we used the digital signal.

The timing information of the chambers was recorded by AMT-
VME [17] modules with the common stop mode. The module had a
time-to-digital converter (TDC) LSI chip, which was developed for the
ATLAS Muon TDC (AMT) module [18,19], and the least time count was
0.78 ns.

We developed the firmware of the module to set a timing window
via the VME memory access. The module recorded hits even after a
common stop signal with the original firmware, and the recorded event
size became large. The date acquisition (DAQ) efficiency was about
10% at a trigger rate of 2 kHz before the firmware modification. After

Fig. 9. Cell structure of CDC. The markers show the feedthrough position on the end-plate.
The dashed lines correspond to the beamline at z = 0. The half-cell size is 12 mm in the
radial direction. R refers to the distance between the feedthrough position and the center
on the end-plate.

optimization of the time window with the new firmware, it became
approximately 70% at a trigger rate of 2 kHz.

2.3. Timing counters

A charged particle was identified by its momentum and velocity.
The velocity was computed from the time of flight (TOF) and the
flight length. We had two sets of hodoscopes as TOF counters: IH and
OH. Each hodoscope consisted of a solid plastic scintillator and two
photomultiplier tubes (PMTs). IH and OH also were used as multiplicity
counters in the trigger level.
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Principle of Drift Chamber
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Wire for signal measurement

Outer conductor: 
Negative high voltage applied 
(wires or thin film)

Gas: 
 Ar of He (Noble gas) 
 + multi-atom molecule 
    (often used hydrocarbon) 
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Principle of Drift Chamber
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Charged particle

Wire for signal measurement

Outer conductor: 
Negative high voltage applied 
(wires or thin film)

Gas: 
 Ar of He (Noble gas) 
 + multi-atom molecule 
    (often used hydrocarbon) 

Ion and electron pairs 
produced by ionization



Principle of Drift Chamber
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Wire for signal measurement

Outer conductor: 
Negative high voltage applied 
(wires or thin film)

Gas: 
 Ar of He (Noble gas) 
 + multi-atom molecule 
    (often used hydrocarbon) 

Ions 
  Moved to outer conductor 
  Slower than electron

Electrons 
  Moved to signal wire



Principle of Drift Chamber
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Principle of Drift Chamber
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Electron 
  accelerated at close to wire 
  due to strong electric field and 
  makes electron-ion pairs 

Electrons produced makes the other pairs 

Repeat the processed 
→ Avalanche amplification: ~105 - 106    

Principle of Drift Chamber
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Electron 
  accelerated at close to wire 
  due to strong electric field and 
  makes electron-ion pairs 

Electrons produced makes the other pairs 

Repeat the processed 
→ Avalanche amplification: ~105 - 106    

Principle of Drift Chamber

Ions 
  Still remained around wire 
  after electrons were  
  absorbed into the wire 

→ Ions induce charge on wire



Principle of Drift Chamber
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Charged particleCharged particle

Wire for signal measurement

Outer conductor: 
Negative high voltage applied 
(wires or thin film)

Speed of electron in gas: ~ 5 cm/µs 
Slower than charged particle we want to measure the trajectory 

(~ close to c: 30 cm/ns = 30000 cm/µs) 

Drift time of electron 
Time delay of signal respect to charged particle passage 
Distance from wire to charged particle trajectory

drift  
   length



Example of Tracking in NKS2
• Reconstruction of trajectory from hit information 

• Resolving equation of motion in magnetic field

34

“Cell” 
Hexagonal shape

Hit position: 
  Distance-closest-approach 
  Computed drift time 



Time-of-Flight: TOF

• Timing measurement of passage of charged particle 
• For velocity calculation 
• Typical timing resolution: several 10 ps to several 100 ps 

• Two set of TOF detector 
• Absolute time measurement is difficult 

• Recording time is vary with condition 

• Relative time among detector is not changed

35



TOF Detectors
• Plastic scintillator + photon sensor 

• Photon sensor 
• Photo-Multiplier Tube (PMT) 

• Silicon Photo-Multipier (SiPM) 
• Avalanche photo-diode operating Geiger mode 

• Work in magnetic field 

• Small size
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PMT

PMT

Plastic scintillator is surrounded by a black sheet 
to avoid large current flow in PMT due to external light

Plastic scintillator

MPPC by HAMAMATSU



TOF Detectors
• Multi-gap Resistive Plate Chamber 

• Gas multiplier with Geiger mode

37

47 cm × 3.5 cm strip 
Readout from both ends

0.4th mm soda-lime glass 
#2 fish line (∅ 0.23mm) 
5-gap and double-stack

Gas:  
R-134a+SF6 (90:10)

Intrinsic resolution 
 ~120 ps

Prototype for the NKS2 experiment



TOF Detector as Hodoscope
• Hodos: Way or path in Greek 

• Hodoscope: Position detector 

• Array of plastic scintillation counters 

• Two side read-out of signal 
• Time difference of hit signal at both edge 

• → distance from hit position to both edge
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charged particle

charged particle

Scintillator

Scintillator

Photon sensorPhoton sensor

Photon sensorPhoton sensor

Example 1: 
 Charged particle pass through 
 center of scintillator 

Example 2: 
 Charged particle pass through 
 close to edge of scintillator 



Particle Identification
• Characteristics of particle 

• Charge sign 
• Bending direction in magnetic 

field 

• Mass 
• Momentum and velocity 

(Flight-path / TOF)
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Fig. 19. Scatter plot of the momenta and the inverse velocities for charged particles. The
sign of the vertical axis represents the charge sign of the particle. The opening angles (⌘)
of the two tracks were selected by the condition of *0.9 < cos ⌘ < 0.8 to remove e+e*

events.

6.5. Decay vertex finding and its resolution

By combining positively and negatively charged tracks, we found the
decay vertex position and reconstructed the energy and momentum of
the parent particle. The vertex finding was performed by the following
steps.

1. choose a combination of positively and negatively charged tracks
from the list of reconstructed tracks.

2. find the closest trajectory points from two tracks (solid circle in
Fig. 20).

3. select the closest line segments (dashed line in Fig. 20) from each
trajectory in the DCA search region (indicated by curly brackets
in Fig. 20).

4. obtain DCA points (X in Fig. 20) on the line segments and
calculate the center of them as the vertex point.

The Runge–Kutta calculation routine recorded the momentum vector
at each point of the steps. The momentum vector of each track at the
vertex point was given as:

1. obtain two momentum direction vectors at both edges of the line
segment where the DCA point exists.

2. take a weighted average of the direction vectors, where the
weight is a fraction of ‘‘the distance between the DCA points to
the edge’’ to the length of ‘‘the line segment’’ (see Fig. 21).

The particle mass in four-momentum of a daughter particle was
assigned as the Particle Data Group (PDG) [37] value after particle
identification with momentum and �*1. The four-momentum of the
parent particle was calculated from those of daughter particles.

The vertex resolution was evaluated by using a ⇡+⇡* pair, which
was expected from the resonance decay (e.g., ⇢, !, or ⌘). Fig. 22 shows
the distributions of the vertex position and the difference of counts. The
position around *2.9 and 0.4 cm correspond to a Upilex-S film having
thicknesses of 75 �m (beam windows are shown in Fig. 14). There are
two small peaks around *5 and 5 cm, which are the super-insulator and
Upilex-S film windows of the vacuum chamber of the target system. The
resolution was 0.2 cm (�) by the Gaussian fit.

The target cell thickness is 3 cm under the normal condition, but
the fitting result shows 3.3 cm. The difference means that the beam
windows of the cell were inflated in the vacuum chamber. We measured

Fig. 20. Illustration of decay vertex finding. See the text for the algorithm.

Fig. 21. Illustration of how to estimate the momentum at the decay vertex. One side of
the trajectory is demonstrated. ei and ei+1 are the unit vectors of the momentum direction
at trajectory points given by the Runge–Kutta method. The DCA points are on the line
segment between the ith and (i+1)th trajectory points. The fraction s (0 f s f 1) and 1* s
are used as weights to evaluate the direction vector at the vertex. The momentum at the
decay vertex is given by multiplying the absolute momentum to evertex.

the inflation of the film from the inner pressure of a test cell at room
temperature with a height gauge. We evaluated the inflation at 20 K in
consideration of the temperature dependence of the elastic modulus of
the film. The result was consistent with the target thickness measured
with the vertex distribution [24].

The decay vertex point and the momentum of the parent particle
were used for event selections. The reaction vertex was reconstructed
from the momenta of parent particles (e.g., K0

S and ⇤) for the exclusive
event. We selected events that a parent particle passed through the
target to reduce accidental background for the inclusive event (single
K0

S or single ⇤ event). We reported the results of the inclusive event
only because of statistics.

The p⇡* vertex distributions are shown in Fig. 23. The distribution
along the beam axis shows longer tail in the downstream direction than
the ⇡+⇡* vertex, because contributions from in-flight decay particles
and resonances differ between the ⇡+⇡* and p⇡* events.
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Figures: Nucl. Instrum. Methods A886 (2018) 88-103
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Summary
• Topics 

• Radiation and nuclear physics 
• Charged particle measurement 

• Principle 
• Detectors 
• Example from NKS2 experiment at ELPH, Tohoku Univ. 

• The technique in elementary particle/nuclear physics 
• Many applications in medical 

• Using radiation, radioactive material, and accelerator
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