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Chapter 3

Particle identification

In the previous chapter it was concluded that the requirements on the design of a
recoil detector for the study of generalized parton distributions are severe. The recoil
detector must accomplish momentum determination and particle identification (pid) as
a stand-alone detector in the limited space available in the target region of a future
high-luminosity dis facility. Moreover, the detector must operate in vacuum and is
exposed to a large number of background events. If a detector is placed outside the
vacuum chamber, the amount of material between the particle vertex and the detector
increases the lower (momentum) limit for detection which then becomes too large in
view of the physics described in chapter 2. A combination of detectors both inside and
outside of the vacuum is not excluded if a large momentum range is required. However,
the possibility to detect recoiling particles with a stand-alone detector that fits within
the target magnet is preferred as it leads to a more compact design. A summary of
the design requirements and anticipated operating conditions of a recoil detector for a
future fixed target dis experiment is listed below:

• Stand-alone tracking in a magnetic field: a minimum of four space points on each
track is needed.

• Stand-alone particle identification for protons up to 1.3 GeV·c−1.

• Coverage of the scattering angle from 0.2 to 1.3 rad.

• Operation in the vacuum of the (lepton) beam.

• Presence of a 5 Tesla magnetic field.

• Space available in the target region: 20×20×20 cm3.

This chapter starts with a brief introduction of the various particle detector types
and techniques in an effort to select the most suitable technique for a future recoil detec-
tor. Thereafter, the chapter focuses on ionization measurements with silicon detectors.
After a review of the energy loss of fast charged particles in silicon, several statistical
techniques for particle identification by means of ionization measurements are presented.
These techniques are used to analyze the data of both the Monte Carlo simulations and
the experimental study which are the subjects of chapter 4 and 5, respectively. Finally,
the models to simulate the response of a realistic detector and readout electronics are
introduced; these models are used in the Monte Carlo simulations described in chapter 4.
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3.1 Overview of particle identification techniques

In High Energy Physics (hep) many particle identification techniques are applied. An
overview of the main techniques and the typical momentum range in which they can
be used for pion-proton separation is depicted in Fig. 3.1. Each technique is briefly
reviewed in the subsequent subsections, where it must be kept in mind that the future
recoil detector needs to be operated in vacuum and be small as it must fit in the limited
space available in the target area.
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Figure 3.1: Overview of the typical ranges of application (in momentum) of various
particle identification techniques. See the text for an explanation of the gap in the
dE/dx band.

3.1.1 Time of flight

Hadrons can be identified by measuring their mass via the relation βγ = p/Mc, where p
is the momentum of the particle, M is its rest mass and c is the speed of light in vacuum.
Apart from a precise measurement of the momentum p via the curvature of the tracks
in a magnetic field, which is the subject of section 4.2, a measurement of the velocity v
of the particle is required to determine β = v

c
and γ = 1/

√
1 − β2. A direct measure of

the velocity can be obtained from the time-of-flight (tof) of the particle. For a given
resolution of the time measurement, the best mass resolution is obtained by placing the
detectors sufficiently far apart. With a detector separation of several meters, pions and
protons can be identified up to a momentum of about 5 GeV·c−1. The difference in the
time-of-flight of two particles with masses M1 and M2 over a linear distance l is given
by

∆t =
l

c



√

1 +
M2

1 c2

p2
−
√

1 +
M2

2 c2

p2


 . (3.1)

The minimum guaranteed distance between two detecting elements in the current
application is 10 cm due to the limited space in between the poles of the target magnet.
Assuming a minimum measurable time difference of 200 ps, separation of pions and kaons
is possible up to 0.37 GeV·c−1. Protons and kaons can be separated up to 0.57 GeV·c−1.
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These upper limits are below the required momentum range of the recoil detector. Note
that to measure a time difference of 200 ps with reasonable accuracy, the resolution of
the time measurement should be at least a factor four better.

With the development of multi-channel Time to Digital Converter (tdc) chips for
the Large Hadron Collider (lhc) experiments, the use of the time-of-flight technique
for highly granular detectors such as vertex detectors is becoming more realistic. An
example of a tdc chip with a 500 ps time resolution is given in [42]1. Although the
time-of-flight technique alone is not suited for the current application, it is in general a
good complementary technique to ionization measurement.

3.1.2 Cherenkov detectors

If a charged particle travels through a dielectric medium with a velocity larger than the
speed of light in that medium, Cherenkov light is emitted. The axis of the Cherenkov
light cone is in the direction of motion of the particle and the half apex of the light cone
is given by cos θ = 1

βn
, where n is the refractive index of the medium. The threshold

for light emission corresponds to the condition v > c
n

which implies the use of radiators
with a high refractive index for low momentum particle identification. Materials with a
high refractive index which are applied in Cherenkov detectors are either liquid C6F14

(n = 1.27) [43] or fused silica (n = 1.47) [44]. For true particle identification one
would like to have a positive identification which means that particles must leave a
signal in the detector2. In the current application, protons must be detected over the
whole momentum range, even down to a few hundred MeV·c−1. The threshold for light
emission by protons is 1.2 GeV·c−1 for liquid C6F14 and 0.87 GeV·c−1 for fused silica. So
even with a solid radiator, protons with a momentum of less than 0.87 GeV·c−1 will go
undetected. Hence, particle identification by detecting Cherenkov light is not possible
for the current application.

3.1.3 Transition radiation detectors

Transition radiation (tr) is the emission of X-rays arising when a charged particle
crosses the boundary between two materials with different dielectric constants. As the
probability of radiating an X-ray at the boundary is very low (∼0.01), hundreds of
boundaries (layers) are needed for an efficient detector. Transition radiation detectors
can only be used for highly relativistic particles with γ > 500, which is only the case
for electrons in the current application. Transition radiation detection is therefore not
suited for hadronic particle identification around 1 GeV·c−1. A detailed discussion on
transition radiation detectors is given in [45].

1The resolution is not limited by the technology but by the requirement of the application.
2This is in contrast to threshold based identification where only one of the particle types to be

identified generates a signal in the detector.
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3.1.4 dE/dx

Another method to identify particles is by a difference in their energy deposition. The
energy dE lost by a particle over a distance dx depends on its momentum and on
its type. Figure 3.1 shows two regions where this so called dE/dx method can be
applied. In the intermediate momentum range, dE/dx cannot be used because the
dE/dx curves of light particles cross the curves of heavier particles in this domain (see
also Section 3.2.3 and Fig. 3.3). Identification in the low momentum region is possible
with either semiconductor, gaseous or scintillation detectors. At higher momenta only
gaseous detectors can be used because of the greater value of the relativistic rise in
the dE/dx curve. The relativistic rise is almost absent for solid detectors because of
the density effect (see Section 3.2.3). Hence, the dE/dx curves completely overlap for
relativistic energies and particles can no longer be identified by their energy deposition.

Gaseous detectors cannot be used for the current application for several reasons.
The measured ionization in gaseous detectors is based on a low number of primary
ionizations. Hence the fluctuation in the ionization, and thus in the measured energy
deposition, is larger than for a typical solid state detector. This can be overcome by
using a large gas volume and a large number of ionization samples (layers), but clearly
this is not possible for the current application because of the small volume in the bore
of the target magnet. Moreover, gaseous detectors are difficult to operate in the beam
vacuum if the amount of material of the gas envelope should be minimized to meet the
lower detection threshold of a few hundred MeV·c−1 for protons. An example of particle
identification with gaseous detectors is described in [46, 47], where pions and protons
are separated up to momenta of 6 GeV·c−1 with a large Time Projection Chamber.

Semiconductor detectors on the other hand, have been shown to work in the beam
vacuum [48], but their useful momentum range for dE/dx based particle identification
is smaller than for gaseous detectors because the region of the relativistic rise cannot
be used. For the current application, however, the maximum required momentum is
only as high as 1.3 GeV·c−1 which is still below the cross-over point of the dE/dx
curves for hadronic particles3. The possibility to use silicon detectors for dE/dx particle
identification is explored in the remainder of this work.

3.2 Physics foundations of dE/dx particle detection

Particle identification by means of measuring the energy deposition in silicon sensors
seems to be the best option for a recoil detector and will be further explored in the rest of
this work. A good understanding of the energy loss mechanism is of decisive importance,
and for that reason the physics behind dE/dx particle identification is considered in some
detail in this section.

Charged particles passing through matter lose energy by interaction with atomic
electrons and nuclei. Particles heavier than electrons mainly lose their energy by inelastic
collisions with the atomic electrons resulting in ionization. In the ionization process also

3The silicon detector in the hermes recoil project is used for the identification of protons up to
0.65 GeV·c−1. Higher momenta protons are identified by a detector consisting of scintillating fibers.
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more energetic electrons, called δ-rays, may be emitted which subsequently release their
energy until they are captured or undergo a reaction with a nucleus.

In silicon detectors, the deposited energy liberates charge by moving electrons from
the valence to the conduction band. This mobile charge can move freely through the
lattice and is collected by the readout electrodes of the detector. Exact determination of
the energy deposition enables the identification of the particle that passed the detector,
most notably in case the incident particle is non-relativistic.

In the next subsections the collision cross section is presented, followed by a descrip-
tion of the Bethe-Bloch equation. In subsection 3.2.4 the Landau and Vavilov energy
loss straggling functions are described. The scaling of the energy deposition with path
length is the subject of subsection 3.2.5.

3.2.1 Introduction

In the description of the energy loss of heavy charged particles, the only interactions
taken into account are the Coulomb interactions with the atomic electrons. Nuclear
interactions are disregarded as they occur infrequently4. Correlated energy loss effects
such as channeling [49, 50] will be neglected as well, because they are only important
at specific angles of incidence (and only for materials with a crystal lattice like silicon).

The probability of a single interaction of a charged particle with an atomic electron
is described by the doubly differential cross section σ(E, k), where E is the energy lost
in an interaction with momentum transfer k. In absorbers with a thickness larger than
several micrometers, a particle will in general experience multiple (n) collisions and
suffer a total energy loss

∆ =
n∑
i

Ei. (3.2)

The energy loss straggling function f(d, ∆) describes the probability of losing an amount
of energy ∆ when traversing a detector of thickness d. This straggling function differs
from an energy deposition straggling function (also called restricted energy loss strag-
gling function) as recorded by an ideal detector due to the escape of high-energy δ-rays
from the active detector volume. To calculate the energy loss straggling function f(d, ∆)
one needs (i) the probability for the occurrence of n collisions and (ii) the probability
for a particular energy loss Ei. The latter is given by the singly differential cross section
σ(E) which will be described in more detail in the next subsection. The number of
collisions is given by a Poisson distribution with a mean value µ = dM0, where M0 is
given by

M0 = Ne

∫ ∞

0

σ(E)dE, (3.3)

in which Ne is the number of electrons per unit volume.
The theoretical derivation of the collision cross section σ(E) is determined separately

for close and distant collisions, small and large energy and momentum transfers, and
longitudinal and transverse excitations. A full review is beyond the scope of this work;

4The nuclear interaction length in silicon is 106 g·cm−2 and a (typical) 300 µm thick silicon sensor
is 7·10−2 g·cm−2. Hence, the probability of a nuclear interactions in a sensor is less that 1�.



32 Particle identification

interested readers are referred to [51, 52, 53]. The main constituent of the total collision
cross section is the cross section for large energy transfers, which is presented in the
next subsection.

3.2.2 Collision cross section for large energy transfers

For large energy transfers, the non-relativistic differential Rutherford cross section [51]

σnr(E) =
2πz2e4

mev2E2
(3.4)

describes the collision probability of a heavy charged particle with charge ze, speed v
and rest mass M5 in collision with a free electron with rest mass me. In this case, the
electron receives all the energy E lost by the particle and the corresponding momentum
transfer k equals

√
2meE

6. By including a term for the maximum energy transfer, the
equation becomes valid for relativistic particles. The relativistic (differential) Rutherford
cross section [54] then reads

σrr(E) = σr(E)
[
1 − β2 E

Em

]
, (3.5)

with the maximum energy transfer Em defined by

Em =
Mc2β2γ2

M/2me + me/2M + γ
. (3.6)

Here, M and me are the rest mass of the incident particle and of the (free) electron,
respectively, β is the ratio of the velocity of the particle to the speed of light and
γ = 1/

√
1 − β2.

Equation (3.5) describes the collision cross section for charged particles incident on
free electrons, while in the detector material the electrons are bound to the nucleus.
Including the binding energy of the electrons for energy transfers greater than a certain
threshold (Ea in Table 3.1) yields the empirical cross section [51]

σu(E) = σr(E)
[
1 − β2 E

Em

]∑
l

Zl

[
1 +

d1

E
+

d2

E2

]
, (3.7)

where Zl is the number of electrons in the sub-shell l. The coefficients d1 and d2 for
each (sub)shell are listed in Table 3.1. Note that Eq. 3.7 represents the cross section
per atom of the stopping material.

Definition of moments

The collision cross section for large energy transfers (σu) described in the previous section
is the main constituent to the total differential cross section σ. The other constituents

5The rest mass M of the incident particle does not appear in the cross section for M >> me.
6The nuclear recoil is zero by definition for a free electron.
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Table 3.1: Shell dependent constants of Eq. (3.7) for silicon; the corrections are valid
for energy transfers greater than Ea [51].

Shell Zl Ea[eV] d1[eV] d2[eV
2]

K 2 20000 3340 0
L − 2s 2 4000 369 1.94 · 106

L − 2p 6 3000 448 2.07 · 106

M 4 150 9.4 31.2

are due to the longitudinal and transverse excitations. If a description of the total cross
section differential in E, including the excitation cross sections, is available, a set of
moments can be defined:

Mm = Nv

∫ ∞

0

Emσ(E)dE. (3.8)

Here, Nv is the number of atoms in a unit of volume7 (for silicon: 4.99 · 1022 cm−3).
The mean number of collisions per unit length is given by the zeroth moment M0. The
first moment M1 is the stopping power, which gives the mean energy loss 〈E〉 when
multiplied by the detector thickness. The stopping power obtained using Eq. (3.8) gives
the same results as the Bethe-Bloch equation discussed in the next subsection. The
second moment M2 is related to the width of the energy loss straggling distribution. This
quantity is only useful for a symmetric (Gaussian) energy loss distribution, and cannot
be used for skewed energy loss distributions like the Landau or Vavilov distribution (see
section 3.2.4).

3.2.3 Bethe-Bloch equation

The slowing down of particles in thin layers of material is described by the Bethe-Bloch
equation. Although it does not directly lead to energy deposition straggling functions
needed for particle identification, it nicely describes the mean energy loss for different
momenta of the particle. For particles heavier than electrons, the Bethe-Bloch equation
for the stopping power dE/dx reads [38]

dE

dx
= 2πNar

2
emec

2ρ
Z

A

z2

β2

[
ln
(2meγ

2v2Em

I2

)
− 2β2 − δ − 2

C

Z

]
, (3.9)

where:

• Na is Avogadro’s number, 6.022 · 1023 atoms·mole−1.

• re = e2

mec2
is the classical electron radius, 2.817 · 10−15 cm.

• mec
2 is rest mass of the electron.

• ρ is the density of the stopping material (2.33 g·cm−3 for silicon).

7The integrated cross section is multiplied by the number of atoms in the stopping material and
not by the number of electrons because the cross section for large energy transfers σu contains a sum
over all electrons in the (silicon) atom.
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• Z, A are the atomic number and weight of the stopping material (14 and 28.09
for silicon, respectively).

• I is the mean ionization potential (173 eV for silicon).

• z is the charge of the particle in units of electron charge.

• β = v
c

is the particle speed as a fraction of the speed of light.

• γ is the Lorentz factor
(
=
√

1 − β2
−1
)
.

The maximum energy Em that can be transferred in a single collision is given by
Eq. (3.6). The term 2C

Z
is the shell correction [55, 56, 57] which reduces the stop-

ping power at energies where the velocity of the particle is comparable to that of the
atomic electrons. This reduction in dE/dx is caused by atomic electrons moving along
with the particle, thereby screening the electromagnetic field of the particle. The or-
bital speed of the atomic electrons can be approached by Zαc, from which the particle
momenta are calculated where the shell correction becomes significant. For protons the
correction is necessary for p � 96 MeV·c−1, equivalent to a stopping range of 240 µm in
silicon.

At low energies, the stopping power dE/dx decreases with the logarithm of the par-
ticle energy. After a broad minimum at βγ = 3.0 . . . 4.0, the stopping power increases
with ln(β2γ2) due to the increase of the transverse electromagnetic field of the particle
moving at a relativistic velocity. The density correction (δ) lowers the ln(β2γ2) depen-
dence to ln(βγ) because the stopping material is polarized by the field of the passing
particle, thereby reducing the effect of distant collisions. This effect is stronger for ma-
terials with a higher electron density and is therefore called the density effect. Studies
by Sternheimer [58] led to the following parameterization:

δ =





0 X < X0

4.6052X + C0 + a(X1 − X)m X0 < X < X1

4.6052X + C0 X > X1

(3.10)

where X = log10(βγ) and

C0 = −
(
2 ln

I

hνp

+ 1
)
. (3.11)

In this equation, I is the ionization potential which was already introduced before and
νp is the plasma frequency given by

νp =

√
Nee2

πme

. (3.12)

Here, Ne is the electron density of the stopping material. The values of various param-
eters entering Eq. 3.10 are listed in Table 3.2 for silicon as stopping material.

Although the Bethe-Bloch formula is accurate, it cannot be used directly in particle
identification applications because it calculates the mean energy loss of the propagating
particle, and not the mean energy deposition. These quantities differ due to the escape
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Table 3.2: Constants for Sternheimer’s density effect correction (Eq. 3.10) in silicon [58].

a C0 I[eV] m X0 X1

0.1492 -4.44 173 3.25 0.2014 2.87

of δ-electrons from the sensitive detector volume8. The restricted energy loss formula,
which describes the mean energy deposition, is obtained from Eq. 3.9 by imposing an
upper threshold on the energy of these δ-rays

dE

dx
= 2πNar

2
emec

2ρ
Z

A

z2

β2

[
ln
(2meγ

2v2Ecut

I2

)
− β2

[
1 +

Ecut

Emax

]
− δ − 2

C

Z

]
. (3.13)

The value of Ecut is the energy of an electron with a range equal to the thickness of
the detector, with Ecut < Emax as defined in Eq. (3.6). Figure 3.2 shows the original
Bethe-Bloch curve for the energy loss of protons in silicon together with the restricted
energy loss curve. An energy cut of 230 keV was used for the restricted loss curve which
corresponds to the stopping energy of an electron in a 300 µm thick silicon detector.
Clearly visible is the difference in energy loss and energy deposition for relativistic
particles due to the escape of δ-rays from the detector.

Figure 3.2 also shows some of the existing data from energy deposition measurements
in silicon [59, 60, 61, 49, 62, 63, 64, 65].

The group of points close to the minimum (Bak [60]) are measurements with a detec-
tor thickness in the range of 32 µm to 1 mm. The insert shows the increase in restricted
dE/dx with increasing detector thickness. The six solid lines represent the restricted
energy loss curves as calculated with Eq. 3.13 using an energy cut corresponding to the
detector thickness. The measurements are systematically low compared to the calcu-
lations. For the top four points this can be explained from the limited range of the
energy deposition plots in the original article which results in an underestimated mean
deposition because the tail of the distribution is missing. The two lowest points, how-
ever, corresponding to 32 µm and 51 µm thick sensors, are well below the curves even
after correcting for the cut-off tails. Another characteristic shown in Fig. 3.2 is that
the relativistic rise is almost absent in dense materials like silicon. The mean restricted
energy loss for very high energies is only 10% larger than the minimum energy loss.

Particle identification by means of dE/dx sampling exploits the difference in energy
deposition of different particles for a given momentum. Figure 3.3 shows the mean en-
ergy deposition of pions, kaons and protons as a function of momentum. The actual
energy deposition varies around this mean value. The difference in mean energy depo-
sition for pions and kaons is very small for a momentum of 1 GeV·c−1 or more. Hence,
particle identification at these momenta is only possible using many dE/dx samples.
Identification of protons is possible up to slightly higher energies.

8Even the mean energy deposition is difficult to measure because it depends on the dynamic range
of the readout electronics. A limited dynamic range of the readout equipment cuts the tail of the
distribution and thereby lowers the (measured) mean energy deposition.
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Figure 3.2: Mean energy loss and mean restricted energy loss of protons in silicon. An
energy cut of 230 keV was used for the restricted energy loss curve. The insert shows
the area around the minimum. The solid lines are the restricted energy loss curves
corresponding to different cut values, matching the detector thickness (32 µm to 1 mm)
in the Bak data.

3.2.4 Landau and Vavilov distribution

The energy loss of particles for a given, fixed, momentum is not constant but fluctuates
around the mean value which is described by Eq. 3.13. For a thin layer of the stopping
material and high-energy charged particles, the most probable energy loss is also not
equal to the mean energy loss. The energy loss distribution is skewed, with a long
tail towards the high energy side, originating from single collisions with large energy
transfers. Landau theoretically worked out this problem for a thin layer of material,
where thin is defined through a requirement on the parameter k:

κ ≡ ξL

Em

< 0.01, (3.14)

with

ξL =
2πz2e4

mec2β2
Nadρ

Z

A
. (3.15)
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Figure 3.3: Mean energy deposition as a function of momentum for pions, kaons and
protons.

Here, Em is the maximum energy transfer in a single collision (Eq. 3.6), and d is the
thickness of the detector. The numerical value of ξL for silicon is 17.83dz2/β2 eV, with
d in µm.

Landau derived his expression from the non-relativistic Rutherford cross section,
Eq. 3.4, by writing the energy loss in a thin layer as a transport equation [66]. He solved
this equation using Laplace transformations and obtained the following expression for
the energy loss straggling function which depends on the single variable λ

fL(d, ∆) =
Φ(λ)

ξL

, (3.16)

where

Φ(λ) =
1

2πi

∫ σ−i∞

σ+i∞
e[u ln u+λu]du (3.17)

and

λ =
∆ − ξL(ln ξL

ε
+ 1 − C)

ξL

, (3.18)

with

ln ε = ln
[(1 − β2)I2

2mev2

]
+ β2 (3.19)

and C=0.577 is Euler’s constant.
Landau’s function does not describe the energy loss distribution of a fast particle

very accurately. This is mainly due to:

• The use of the non-relativistic Rutherford cross section, i.e. no limitation on the
maximum energy transfer.
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• The assumption that the atomic electrons are free particles, i.e neglecting the
binding of the atomic electrons by the nucleus. This underestimates the width of
the distribution.

Vavilov [67] used the relativistic version of the Rutherford cross section (Eq. (3.5))
to obtain energy loss distributions for somewhat thicker layers corresponding to values
of κ up to κ = 10. The difference between the Vavilov and the Landau distribution
for relativistic particles is very small. Still, Vavilov’s description of the energy loss
straggling function yields a distribution that is too narrow because the binding of atomic
electrons has been neglected. A practical solution to the problem is to convolute the
Landau or Vavilov distribution with a Gaussian distribution to correct for electronic
binding [51, 68]:

f(x, ∆) =
1

σ
√

2π

∫ ∞

−∞
fL(x, ∆′)e−(∆−∆′)2/2σ2

d∆′. (3.20)

A parameterization of the width of the Gaussian is [69]

σ2 =
8

3
ξL(2.319 + 0.67 ln β) · 10−3. (3.21)

Note that the width of the Gaussian scales with the square root of the thickness d of
the layer of material through which the particle is passing (see Eq. 3.15). Hence, a thin
silicon sensor gives a relatively broad energy loss straggling function.

An example of a fit using a pure Landau function and a fit using a Landau function
convoluted with a Gaussian is shown in Fig. 3.4. The distribution shown is obtained
from a geant4 simulation with 2 GeV·c−1 protons and a 100 µm detector. The most
important shortcoming of the pure Landau function is its narrow width, but also the
most probable value of the fit is too low.

If the detector is very thick or if the energy of the impinging particle is very low,
the corresponding energy loss straggling function obtains a pure Gaussian shape. This
can be understood from the fact that for a large number of collisions the resulting
distribution must become Gaussian as prescribed by the central limit theorem.

As a reference, Table 3.3 lists the minimum momentum for pions, kaons and protons
where the Landau or Vavilov function describes the energy loss straggling in a 300 µm
silicon detector.

Table 3.3: Minimum momenta (in MeV·c−1) for pions, kaons and protons for which the
Landau or Vavilov distribution is the appropriate energy loss distribution assuming a
300 µm silicon detector. The criteria are κ = 0.01 and κ = 10 for the Landau and
Vavilov distribution, respectively.

Pion Kaon Proton
Landau 142 502 952
Vavilov 21 75 143
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Figure 3.4: Energy deposition distribution with a pure Landau fit (left) and with a
convolution of a Landau and Gaussian (right). The data represent the results of a
geant4 simulation for 2 GeV·c−1 protons incident on a 100 µm silicon detector.

3.2.5 Scaling of energy deposition with path-length

Particles crossing the silicon detectors under various angles traverse different amounts
of material. For particle identification it is easiest if one can use a simple scaling rule
so that all energy deposition samples can be compared to the same distribution. As
already explained in Section 3.2.3, the mean energy deposition per unit length depends
on the thickness of the detector due to the escape of δ-rays. This thickness dependence
also exists for the most probable (restricted) energy deposition as shown in Fig. 3.5.
The most probable number of electron-hole pairs generated along the track decreases
with detector thickness. Several data from beam measurements [60] are also plotted for
comparison. It should be noted that the measured value for the 32 µm thick sensor is
low compared to the simulation [60]. The most probable energy deposition ∆mp and
thus the number of electron hole pairs increases with thickness as d(a+ln(d)) [70], with
d in µm. A reduction of the sensor thickness gives a more than linear reduction in
the detected signal. Moreover, because the width of the energy deposition straggling
function (Section 3.2.4) scales with the square root of the sensor thickness, the ratio of
the width of the distribution to the most probable value increases even more for thin
silicon sensors.

3.3 Particle identification with silicon detectors

The particle identification task of the recoil detector is to distinguish pions, kaons and
protons with momenta up to 1.3 GeV·c−1. The identification is based on the information
obtained from the energy deposition of the particles. At low particle energies this depo-
sition strongly depends on the energy and the velocity of the particle. Identification of
these low energy particles is then obtained from the correlation of the energy deposition
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Figure 3.5: Most probable number of electron-hole pairs per micrometer versus the
thickness of the detector, for 2 GeV·c−1 protons.

in two silicon sensors. This ∆E-E method is described in the following subsection. At
higher energies the difference in energy deposition of various particles becomes smaller,
and finally the particles become indistinguishable in the relativistic regime. Because of
this smaller difference in energy deposition, more than two energy deposition measure-
ments are needed to reliably identify particles. This multiple dE/dx sampling and the
corresponding statistical analysis methods are described in subsections 3.3.2 to 3.3.5.

3.3.1 ∆E-E

Very-low energy particles stop in the first few hundred microns of silicon and the particle
type can in this case be reconstructed directly from their energy deposition in the
first two layers. An example plot of this ∆E-E method is shown in Fig. 3.6. The
energy deposition in the, 150 µm thick, first layer is plotted horizontally, while that
of the, 300 µm thick, second layer is plotted vertically. After correction for the angle
of incidence, different particle-types end up in well-separated bands in the plot. Each
triangular band has three distinct regions. The bottom side of the triangle corresponds
to particles that are stopped in the first layer. Particles stopping in the second layer
contribute to the right side of the triangle and particles that pass through both layers
end up on the left side of the plot.

Clearly visible are the bands of the kaons and the protons. The pions cannot easily
be identified because they decay when stopping in the detector and they overlap with
the signals of protons and kaons passing both silicon layers. When a negatively charged
pion is stopped it decays into a slow muon with a kinetic energy of 4.1 MeV. This muon
will in turn deposit a large fraction of its energy in the detectors. The angle of the
muon track with respect to the direction of the incident pion is isotropic. Hence it is
well possible that also a part of the muon energy is lost in the first layer, which explains
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the scattering of the pion data in the plot. The decay of kaons on the other hand results
in muons with an energy of 142 MeV, or in pions of 108 MeV. These particles escape
the detector while only depositing a small amount of energy. Hence, this only widens
the kaon band somewhat.
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Figure 3.6: Simulated energy deposition of pions, kaons and protons in a thick (300 µm)
layer (‘layer2’) as a function of the energy deposition in a thin (150 µm) layer (‘layer1’).
Low-energy protons and kaons can easily be identified, while pions cannot easily be
identified because they decay into low-energy muons. Energy depositions from pions
mostly show up in the region outlined by the ellipse.

At very low energies, the energy deposition can be expressed as [71]

∆E = E −
(
Eβ − d

CR

) 1
β

. (3.22)

Here, E is the energy of the particle on entering the detector, d is the thickness of
the silicon layer and β and CR are constants obtained from tables [71]. In Ref. [48] it
has been shown that, in this energy regime, the energy deposition scales with angle of
incidence as (cos α)1/β, where α is the angle of incidence with respect to the normal.
By using this scaling relation, all inclined tracks can be treated as perpendicular tracks
and a correlation plot like Fig. 3.6 is obtained.

As energy depositions are large for the ∆E-E method, the noise of the read-out
electronics can be neglected. It should be noted that although the residual momentum
of the particle can be determined with great accuracy, the initial momentum of the
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particle is not well known due to the large uncertainty in energy deposition in the thick
target. This problem mainly affects the low momentum particles.

At higher momenta, particle identification is generally much more difficult if only
silicon detectors are available. In this thesis it is investigated whether it might still be
possible to do particle identification by making multiple dE/dx measurements9. Particle
identification in this (higher) energy region is based on the characteristics of the energy
deposition distributions of the different particles.

3.3.2 dE/dx sampling

The use of multiple-sampling ionization detectors is up to now mainly restricted to large
volume gaseous detectors. The low value of the density effect is exploited to allow for
particle identification at relativistic energies up to the Fermi plateau. Examples of de-
tectors with hundreds of layers are readily available [72, 73, 46]. Solid state detectors on
the other hand have a much larger density effect which limits their use in the relativistic
region. Due to the large radiation length of silicon the number of layers must also be
limited and the number of (thin) layers will in general not exceed ten. Nevertheless it
seems advantageous to use a silicon multi-sampling ionization detector for the current
application. An application with five silicon layers is given in [74].

In dE/dx sampling, particles are identified using the statistical information from
the samples. The statistical techniques most commonly used are the TRuncated Mean
method (trm), the Maximum Likelihood Method (mlm) and the Kolmogorov-Smirnov
test, which are discussed below in separate subsections. A survey of other methods is
given in [75].

3.3.3 Truncated mean

The truncated mean method distinguishes particles by comparing their mean energy
deposition, calculated from a selected set of dE/dx samples, against a threshold. As
the Landau or Vavilov type energy deposition distributions are highly skewed, the mean
value strongly depends on tails of these distributions. The mean value is larger than the
most probable value and also depends on the dynamic range of the read-out electronics
because it truncates the tail of the distribution. Hence, the mean energy deposition, as
calculated from a set of samples, is not a good signature of a particle. A better parameter
is the most probable energy deposition which can be approximated by calculating the
mean energy deposition from an ordered subset of the samples: the truncated mean.
By removing the samples with the highest values from a set, the influence of the tail is
reduced and the (truncated) mean value approaches the most probable value.

Figure 3.7 shows how much the most probable value of the truncated mean distri-
bution deviates from the most probable (simulated) energy deposition. The plot shows
the ratio of the (most probable) truncated mean ∆TRM over the most probable value
∆MP of the single sample distribution, versus the fraction of samples removed from the

9Strictly speaking, the correct term for dE/dx sampling would be ∆E/∆x sampling as neither the
energy deposition nor the path length is infinitesimal. However, to conform to the terminology used in
the literature, the term dE/dx will be used throughout this work.
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Figure 3.7: Ratio of the truncated mean energy deposition and the most probable energy
deposition from a simulation of 1 GeV·c−1 protons in 100 µm silicon for different values
of the truncation factor.

calculation. All samples are taken from a simulated restricted energy deposition dis-
tribution of 1 GeV·c−1 protons that was generated with the geant4 toolkit [76] for a
100 µm thick detector. For a fixed momentum, the relation between ∆TRM and ∆MP

does not depend on the size of the original set of samples. The ∆TRM with 30% of the
samples removed, is the best estimator of the most probable energy deposition.

The question is what fraction of the samples should be removed when calculating the
truncated mean to get the best particle identification. For a Gaussian distribution one
often defines the ability to distinguish between two particle species, the resolution, as
the number of standard deviations by which two closely lying peaks can be separated.
However, for an asymmetric distribution the standard deviation is not a good figure
of merit. Because the trm distribution is fairly symmetric in the region of interest
(near the optimum resolution), the Root Mean Square (rms) value of the distribution
will be used here as figure of merit in the comparison. Figure 3.8 shows the ratio of
the rms of the truncated mean distribution and the (most probable) truncated mean
value (∆TRM) of the same distribution versus the fraction of samples removed, again for
protons of 1 GeV·c−1. For low fractions, the high-energy tail of the distribution enlarges
the rms which results in a large rms to ∆TRM ratio. If a large fraction of the samples
is removed, the ratio increases again due to limited statistics. Increasing the number of
samples leads to a smaller rms to mp ratio, but the position of the minimum remains
fixed at about 0.4.

The result for a fixed number of 16 samples as a function of the proton momentum is
shown in Fig. 3.9. Low momentum particles have a nearly Gaussian energy deposition
distribution and the effect of the truncation is much smaller than for particles with a
higher momentum which have an asymmetric distribution. Towards higher momenta, it
is more beneficial to take a lower truncation factor. Based on these results a truncation
factor of 0.3 is chosen for the truncated mean method used in the Monte Carlo study
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Figure 3.8: Ratio of the rms of the truncated mean distribution and the most probable
truncated mean value from a simulation of 1 GeV·c−1 protons in 100 µm silicon for a
different number of samples as a function of the truncation factor.
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Figure 3.9: Ratio of the rms of the truncated mean energy deposition distribution and
the most probable truncated mean value for different proton momenta as a function of
the truncation factor. The sample size used in this simulation is fixed at 16.
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presented in Section 4.3.
The truncated mean method discriminates particles by comparing the calculated

trm energy deposition with a threshold. Because the threshold value is a function of
the momentum of the particle, a rough determination of the momentum of the particle
is necessary, especially in the high-energy region, as will be discussed in more detail
in section 4.2. An example of the truncated mean method applied to data obtained
from a geant4 simulation of 0.7 GeV·c−1 particles incident on 100 µm thick detectors
is shown in Fig. 3.10. The trm is obtained by taking 9 out of 12 samples. The top
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Figure 3.10: The simulated energy deposition distributions of pions, kaons and protons
of 700 MeV·c−1 incident on a single 100 µm silicon detector are shown in the top panel.
The curves in the bottom panel are the (truncated) mean values of 9 samples with the
lowest values out of a set of 12 samples. The discrimination thresholds for π-K and K-p
separation are indicated by the vertical lines.

panel shows the simulated energy deposition straggling of pions, kaons and protons for
a single 100 µm silicon detector, while the bottom panel shows the distribution of the
truncated mean values. Vertical lines indicate the chosen discrimination thresholds for
π-K and K-p separation. The example demonstrates the usefulness of the trm method.

3.3.4 Maximum likelihood method

The second statistical method under consideration is the maximum likelihood method.
For each set of energy deposition samples ∆i the likelihood Lp is calculated for all
relevant particle types p

Lp =
n∏

i=0

fp(∆i), (3.23)

where fp is the normalized energy deposition straggling function for particle type p [77].
The largest of the likelihood values Lp determines the particle type. The maximum
likelihood method will give a large likelihood value if all samples ∆i are close to the
most probable value of the straggling function fp. However, the probability that all
samples are close to the most probable value of the distribution is not very high. In



46 Particle identification

other words, the value Lp does not give the absolute likelihood that a set of dE/dx
samples belongs to a straggling function fp. This is no problem for clean sample sets
that are generated by a Monte Carlo program, but could be a problem for real detector
signals which might be deteriorated by common mode noise.

The Kolmogorov-Smirnov test, which is the subject of the next subsection, does not
have this problem and gives an absolute probability whether a set of samples belongs to
a given energy deposition distribution or not. Another minor drawback of the maximum
likelihood method (and the Kolmogorov-Smirnov test) is that the complete straggling
functions for a large number of momenta should be known a priori. These functions can
be obtained from Monte Carlo simulations as will be shown in chapter 4.

3.3.5 Kolmogorov-Smirnov test

The Kolmogorov-Smirnov test provides a goodness-of-fit which can be used for unbinned
distributions of a single variable. It is especially suited in case only a small number of
observations is obtained, far less than necessary to create a (frequency) histogram. This
is in contrast to the more commonly used χ2 test which determines the goodness-of-fit
of a frequency histogram using a theoretical function.

From the observed values ∆i the estimated cumulative probability of the reference
distribution is obtained by summing (counting) all values with ∆ < ∆i divided by the
sample size. This cumulative probability S(∆i) is the probability of obtaining a value
smaller than ∆i and can be described by

S(∆i) =
1

N

i∑
j=1

n(∆j < ∆i). (3.24)

If all values of ∆i are unique, the estimator S(∆i) is equal to the position of ∆i in the
(increasing) ordered list, divided by the sample size. This estimator should be compared
to the cumulative probability distribution p(∆) of the reference function f(z) defined as

p(∆) =

∫ ∆

0

f(z)dz, (3.25)

where, in the present application, f(z) depends on the particle type. The largest distance
between the observed and reference cumulative distributions is called the D-statistic,

Dm = max |S(∆i) − p(∆i)| ∀∆i. (3.26)

The distribution of this value can be calculated when the sample is taken from the
reference distribution. The significance of the identification (Q) is [78]:

Q(λ) = 2
∞∑

j=1

(−1)j−1e−2j2λ2

, (3.27)

where λ is approximated by10 [79]

λ = Dm

√
N. (3.28)

10An alternative form λ =
[√

N + 0.12 + 0.11√
N

]
D is given in [78].
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The probability P to find a value D > Dm is Q(λ). Values of P < 0.05 are considered
significant [80] and lead to the rejection of the hypothesis that the data ∆i are drawn
from the distribution f(∆i). By comparing the value of the D-statistic against a ref-
erence value, the null hypothesis (i.e. the sample distribution belongs to the reference
distribution) is either rejected or accepted. In the current application, the D-statistic
is calculated for each particle type and the smallest value of D gives the most probable
particle type.

3.4 Silicon detectors and readout

The particle identification techniques presented in the previous sections used ideal en-
ergy deposition straggling functions. In a real detector, however, the measured dE/dx
samples are not sampled from an ideal restricted energy loss straggling function, but
are modified by various experimental effects caused by the sensors and the readout elec-
tronics. Figure 3.11 shows the steps in the detection process that transform the energy
deposition straggling function into the straggling function obtained after readout. The

Ionization
Charge
Sharing

Noise
Formation

SignalInteraction
Process

Figure 3.11: Different steps that transform an energy deposition straggling function into
an observed ionization straggling function.

first two blocks cover all the information of the physics interaction process and are in-
dependent of the readout of the detector. This subject was discussed in Section 3.2. In
the signal formation block, the influence of the geometry and operating conditions of
the silicon sensors on the observed signals is considered. Effects like (intrinsic) resolu-
tion, diffusion, drift and charge collection play a role here. These subjects are covered
in subsections 3.4.1, 3.4.2 and 3.4.3. The effects of charge sharing and noise which are
caused by the readout electronics are presented in sections 3.4.3 to 3.4.6. All of these
aspects must be included in a Monte Carlo model in order to get a realistic prediction
of the performance of a highly segmented multi-layer silicon dE/dx detector. Such a full
Monte Carlo simulation of a future recoil detector system is the subject of Chapter 4.

3.4.1 Intrinsic energy resolution

The ability of a detector to distinguish two distinct energy depositions, i.e. the energy
resolution, is ultimately limited by the statistics of the ionization process. For a fixed
energy deposition the signal charge is equal to the number of liberated electrons NQ.
As this is a statistical process, the number of electrons will fluctuate around a mean
value. For silicon, the average energy w required to produce one electron-hole pair
is 3.61 eV, which is significantly larger than the band-gap energy of silicon of 1.12 eV.
This additional energy is lost in excitation of the lattice, i.e. phonon production, needed
to conserve momentum in the collision. Many of these excitation modes have energy
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transfers smaller than the band-gap. Because of the large difference in energy between
ionization and excitation, sufficient degrees of freedom exist to dissipate exactly the
amount of energy deposited by a particle. Hence, the variance of the number of electron
hole pairs created is, for a fixed energy deposition, smaller than expected from Poisson
statistics; the variance is σ2

Q = FNQ. The reduction factor F is called after Fano, who
worked out the problem theoretically [81]. For silicon the measured value of the Fano
factor amounts to 0.1.

Energy deposition measurements in hep experiments generally give worse resolutions
than expected by evaluating σ2

Q due to noise in the fast readout electronics. Moreover, in
case the particle is not stopped in the detector, as is almost always the case, the energy
deposition is not fixed but fluctuates as described by either the Gaussian, Landau or
Vavilov distributions discussed in Section 3.2.4. The width of these distributions is
(much) larger than the intrinsic resolution of the silicon sensor. Therefore, the intrinsic
resolution is not the limiting factor for a silicon detector in the envisaged application.

3.4.2 Drift and diffusion

The movement of the charge liberated by the passing particle depends on the electric
field to which the charge is exposed. In a fully depleted silicon detector the electric field
as a function of the depth y inside the detector is found by solving the Poisson equation,
yielding

Ed(y) =
2yUfd

d2
+

Udet − Ufd

d
, (3.29)

where Udet is the voltage across the detector, Ufd is the full-depletion voltage and d
is the thickness of the crystal. The first term of Eq. (3.29) describes the field due to
the uncovering of the space charge. It is a function of the doping concentration of
the material which enters the equation via the full-depletion voltage Ufd. Applying a
voltage to the detector larger than the full-depletion voltage (over-depleting) results in
an additional flat field component given by the second term of Eq. (3.29).

The relation between the drift velocity v and the electric field from Eq. (3.29), i.e.
the mobility µ, is given by

v(y) = µEd(y). (3.30)

At room temperature the mobility of electrons and holes in very pure (sensor) silicon is
1450 and 450 cm2V−1s−1, respectively [82]. For very high electric fields the drift velocity
saturates, but the field strength in a silicon detector is generally much less, except for
highly irradiated sensors. Charge generated at point y0 drifts towards the electrode in
a time t which follows from Eq. (3.29) and (3.30):

t(y0) =
−d2

2µUfd

ln
(
1 − 2Ufd(d − y0)

(Udet + Ufd)d

)
. (3.31)

A passing particle is presented by a charge deposition along the y-axis at t = 0 and
at position x=z=0. In absence of the drift field, the charge will diffuse into the detector
which leads to a charge distribution [83]

C(x, z, t) =
q

2πDhtd
e
−x2+z2

4Dht , (3.32)
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where Dh is the transverse diffusion coefficient of the charge carriers. The diffusion
coefficient is given by the Einstein relation kT

e
µ, where T is the effective temperature of

the charge carriers, which is higher than the ambient (lattice) temperature due to the
velocity of the charge carriers. A value of 390 K was found from a fit to experimental
data [83]. For strip-detectors with their strips aligned along the z-axis the charge will
distribute along x. The amount of charge per strip is obtained by integrating Eq. (3.32)
over the z-direction. Typical values for the width of the charge cloud at the collecting
electrodes are 5 to 10 µm depending on the thickness of the detector and the applied
bias voltage.

Charge sharing due to diffusion

If a particle traverses the detector in between two strips, the charge liberated by the
particle will drift towards the strips. Because of the non-zero width of the charge cloud
due to diffusion, the charge will be shared by two or more strips. The fraction of charge
collected by a strip as a function of the distance to the strip is described by a so-called
η-function. The ratio of the charge collected on the two nearest strips can be used to
refine the position of the impact point of the particle. The resolution of a silicon sensor
can be improved by implanting intermediate strips in between the readout strips. The
fraction of the total charge seen on the readout strips in these detectors is to a large
extent determined by the capacitive network formed by the strips and by the η-function.
A drawback of this technique is that some of the charge remains (temporarily) on the
intermediate strips. Therefore, the sum of the charge collected on the readout strips is
not exactly equal to the liberated charge and, hence, to the energy deposited.

Charge sharing due to diffusion is an effect which is intrinsic to silicon sensors. The
magnitude of the effect depends on the geometry of the strips in the sensor and the
applied bias voltage. Another effect which influences the distribution of the signal over
the strips is due to a combination of the detector capacitance and the readout electronics.
This is the subject of section 3.4.6.

3.4.3 Lorentz angle

The electrons and holes that are liberated by the passing particle drift towards the col-
lecting electrodes under influence of the electric field. If a magnetic field is present, the
direction of motion of the electrons and holes is changed due to the Lorentz force. The
magnetic field that surrounds the recoil detector is the holding field of the polarized
target and has a maximum strength of 5 T. It can be directed either parallel or perpen-
dicular to the electron beam to facilitate running both in longitudinal and transverse
polarized mode [27, 36]. The equation of motion for an electron or hole in the presence
of both an electric (drift) field and a magnetic field is given by

m
dv

dt
= eE + ev × B − mv

τ(v)
, (3.33)

where the last term corresponds to the friction that the free charge undergoes in the
crystal lattice with τ(v) being the mean free time between collisions.
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In the situation where E ⊥ B (see Fig. 3.12) the Lorentz angle becomes

tan θL = µHB. (3.34)

The Hall mobility µH of electrons is about 15% larger than the drift mobility at room
temperature [84, 85]. Holes, on the other hand, have a Hall mobility of only 70% of
the drift value. Assuming the worst case situation where the magnetic field, with a

θL

Y

X

E
v

Figure 3.12: Cross section of strip-detector with definition of coordinate axes and fields.

magnitude of 5 Tesla, is perpendicular to the drift field, the Lorentz angles for electrons
and holes are 38 and 9 degrees, respectively. Hence, the charge in a 300 µm detector
will spread over a distance of 234 µm and 48 µm, respectively.

Charge Collection

Under influence of a drift field in the y-direction and a magnetic field in the z-direction
(see Fig. 3.12) the charge drifts at the Lorentz angle relative to the y-direction. By
integrating along y the charge distribution at the strips becomes11

f(x) =
1

d
√

4πDh

∫ d

0

dy√
t exp(− (x−y tan θL)2

4Dht
)
. (3.35)

Figure 3.13 shows the distribution of charges along the x-axis, for a 300 µm detector in
a 5 T magnetic field in the z-direction, obtained from Eq.( 3.35). The distribution in
absence of the magnetic field is shown as reference. The displacement of the charge is
much less for holes than for electrons because of the lower mobility of holes in silicon.
Note that Fig. 3.13 shows the worst and the best case of charge displacement. In an
actual recoil detector, the orientation of the magnetic field with respect to the drift
field will depend on the orientation of the sensors. To cover the total angular range,
the sensors will be oriented with their normal both along the, and perpendicular to the
direction of the magnetic field lines. Hence, the charge distribution due to the Lorentz
angle depends on the orientation of the sensors.

11The width of the initial charge distribution can be incorporated into Eq. 3.35 by replacing t with
t + t0.
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Figure 3.13: Charge distribution in the x (strip) direction due to diffusion and drift in
the presence of a 5T magnetic field.

3.4.4 Signal induction

The signal induced on a readout strip of the detector by the moving charge depends
on the geometry of the readout electrodes (strip implants). The current induced in the
electrode by a single point charge is described by the Shockley-Ramo theorem [86]

i = −evEw, (3.36)

where e is the unit of charge, v is the velocity of the electrons or holes given by Eq. (3.30)
and Ew is the value of the weighting field12 at the position of the moving charge. This
weighting field Ew is the field in the detector which is obtained by raising the collecting
electrode to unit potential while grounding all other electrodes. The weighting field has
no relation with the drift field Ed which is determined by the bias voltage on the detector
and by the doping profile of the silicon. The total current flowing into the electrode is

i(t) =
∑
Q

Q(x, y, z, t)vEw. (3.37)

Here, Q is the distribution of the charge carriers in the detector due to the energy de-
posited by the passing particle. For an actual strip detector geometry both the weight-
ing field and the drift field can be calculated by a Finite Element Analysis program like
poisson [87].

Figure 3.14 shows a simulation of the induced current in an n-type silicon strip
detector with a strip width of 50 µm and a pitch of 100 µm. The full depletion voltage
of the 300 µm thick detector was assumed to be 50 V and the operating voltage of the
detector was taken to be 100 V. The track of the particle went through the center of
the strip, and the ionization density along the track was assumed to be uniform. The

12The weighting field is not a conventional electric field; it is normalized to 1 and the unit is m−1

instead of V·m−1.
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Figure 3.14: Simulation of the induced current in the n-side strips (left plot) and p-side
strips (right plot) of a 300 µm silicon detector. The total current is the sum of the
electron induced and the hole induced currents.

electron induced current dominates at the ohmic (n-strip) side of the detector, giving a
> 90% charge collection within 7 ns. On the junction side (p-strips) the hole induced
current contributes most to the total current and complete charge collection takes up
to 20 ns because of the lower mobility of holes.

The silicon lattice was assumed to be perfect, i.e. trapping of charge carriers was not
taken into account. For irradiated detectors this assumption is not valid and complete
charge collection will not occur within the shaping time of the front-end amplifier.

3.4.5 Strip-detector capacitance

The detector-strip capacitance is an important parameter of a detector because it (i) may
contribute to the charge sharing between the strips and (ii) determines the amplification
of the thermal noise in the readout amplifier. The capacitance of a strip in a detector
consists of two parts, the interstrip capacitance (Cint) and the strip-to-back capacitance
(Cback). The corresponding empirical formulae are [88]:

Cint = 0.03 + 1.62
w + 20µm

p
[pF · cm−1] (3.38)

and

Cback = εrε0
p

d + p[0.355(w
p
)2 − 0.651(w

p
) + 0.240 + 0.586( p

w
) − 0.00111( p

w
)2]

[pF·cm−1],

(3.39)
where p and w are the pitch and the width of the strips, d is the thickness of the
detector and εrε0 = 1.05 pF·cm−1 is the permittivity of silicon. Typical values of Cint

and Cback range from 0.5 to 2, and from 0.2 to 0.8 pF·cm−1. Equations 3.38 and 3.39
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can be combined into a single expression, which can be used to estimate the total strip
capacitance

Cstrip = 0.83 + 1.67
w

p
[pF · cm−1]. (3.40)

The influence of these capacitances is further discussed in the next subsection.

3.4.6 Noise and charge sharing

Noise will degrade the accuracy of the measured amount of ionization. The main sources
of noise are:

• Noise from the readout electronics.

• Noise from the leakage current of the detector.

• Noise due to trapping of charge in an irradiated detector.

• Noise from external causes, e.g. electromagnetic interference, ground reference
currents.

Other noise sources which will be neglected are bias resistor noise, and noise due to
the finite conductance of the metal interconnects.

It is very difficult to estimate the noise contribution from electromagnetic interference
and other external noise sources. Often, this type of noise shows up as common mode
noise which can be reduced effectively in the digitizing electronics. Furthermore, these
sources often have a highly non-Gaussian character. In a well shielded and grounded
detector the contribution of these noise sources is small. In the Monte Carlo study of
Chapter 4 these noise sources are not modeled, but will be covered by the safety margin.

Noise in the readout electronics

Before going into some detail on noise in the readout electronics, a very brief introduction
into charge sensitive read-out electronics is necessary. The focus will be on front-end
electronics designed in cmos processes. A functional diagram of a charge sensitive
amplifier is depicted in Fig. 3.15. The front-end consists of an integrating preamplifier
followed by a semi-Gaussian (RC-CR) shaper. The main source of noise is the noise

Ccs

Rsh

Csh

Rfb

Cfb

Cdet

Figure 3.15: Functional diagram of a charge sensitive amplifier consisting of an inte-
grating preamplifier and a semi-Gaussian shaper.
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of the transistor at the input of the amplifier. The shaper is a band-pass filter which
reduces the amount of noise from the preamplifier as seen on the output of the front-end.

The biggest noise sources of the input transistor are the channel noise and the flicker
noise. Thermal channel noise is due to the resistance of the channel and has a white
(flat) spectrum. Flicker noise depends on many parameters among which are the quality
of the surfaces and interfaces in the transistor. It has a 1/fx power density spectrum
(with f representing the noise frequency) where x is close to unity. The contribution
of the flicker noise to the total noise is independent of the time constant τ of the semi-
Gaussian shaper13. For fast shaping front-ends the thermal channel noise is dominant
and the noise power scales as [89, 90]:

i2therm

df
= c0Cin

γnkT

gmτ
. (3.41)

Here, γn is the combined excess noise factor plus a process dependent scaling factor
which increases for deep sub-micron technologies [91], k is the Boltzmann constant, T is
the absolute temperature, gm is the transconductance of the first amplifier stage, τ is the
characteristic shaping time of the semi-Gaussian shaper and Cin is the total capacitance
seen at the input of the amplifier. The constant c0 includes all other technology and
circuit dependent factors. The simplest way to reduce the noise is to minimize the
capacitance seen by the input of the amplifier, which can be done by making the detector
elements smaller. The best example of this optimization is a pixel detector. The noise
in strip and pixel detectors typically differ by a factor 10 which is mainly due to the
small capacitance of a pixel compared to that of a strip. Noise can also be reduced by
lowering the temperature; an example of a low-noise fast-shaping multi-channel amplifier
operated at cryogenic temperatures is described in [92]. Increasing the shaping time τ
of the front-end is a simple solution for lowering the noise in applications with a low
strip occupancy, but is not possible for the proposed recoil detector due to the high
background rate (see section 2.2.5). Another way to minimize the noise is to maximize
the transconductance gm of the preamplifier. For cmos input stages operated in the
weak-inversion region, the transconductance scales linearly with the current through
the amplifier. The current should be maximized within the boundaries set by the power
consumption.

Noise due to detector reverse bias current

The leakage current in the detector is a source of shot noise. The current spectral noise
density of the source is [93]

〈i2〉
df

= 2eI, (3.42)

where I is the dc-current through the detector segment and e is the unit of charge.
This white noise only makes a significant contribution if the current in a single strip is
high, for instance in a highly irradiated detector, or if the area of the detector strip is

13This can be understood from the fact that the difference of the logarithms of the corner frequencies
of the shaper is a constant. Calculation of the noise by integrating the 1/f relation consequently results
in a constant noise contribution.
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very large. It will be neglected from now on because the sensors in the proposed recoil
detector will be highly segmented, and also the total radiation dose will be modest (see
section 2.2.6).

Charge sharing and equivalent noise charge

The noise seen at the output of the charge sensitive amplifier (Fig. 3.15) scales with
the detector capacitance Cdet. A larger value of Cdet increases the noise contribution
via the increase of the closed loop gain factor which is, in first order, determined by
1 + Cdet/Cfb.

A second effect related to the detector capacitance is charge sharing. Note that this
is not the only cause for the sharing of charge over multiple strips. The sharing of
charge due to diffusion is explained in section 3.4.2. Which of the two charge sharing
effects dominates, depends on many factors like the detector geometry and the input
impedance of the readout electronics.

The charge collected on a detector strip is divided capacitively between different
amplifiers. Figure 3.16 represents the silicon strip detector and the read-out amplifiers as
a network of capacitors. The quantities Cint and Cback represent the interstrip and strip-
to-back capacitances of the detector as described in Section 3.4.5. The input impedance

Cint Cint

Cback
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Cint

Cback

Camp

Cint

Cback

Camp

Cint

Cback

Camp

Cint

Cback

Camp

Q

Figure 3.16: Capacitive charge sharing in a strip-detector with matching read-out am-
plifiers.

of the amplifier is taken into account in the capacitance Camp
14. This impedance depends

on the value of Cfb and on the open loop gain of the amplifier and can only be assumed
constant for a fixed shaping time τ . In the limit of a detector with an infinite number of
strips, the fraction of the charge collected by the amplifier, connected to the strip that
collected charge Q, can be shown to be

Qamp =
Camp√

(Camp + Cback)2 + 4Cint(Camp + Cback)
Q. (3.43)

The combined effect of increased noise and fractional charge gathering of the amplifier
due to the detector capacitance is expressed in the Equivalent Noise Charge (enc)
specification. The enc defines the noise in terms of the input charge which allows for a
direct comparison to the amount of charge liberated in the detector. The enc formula
consists of a noise offset, which is a collection of various noise sources, and a noise slope

14For the frequency band of interest, the real input impedance is ohmic and not capacitive.
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which denotes the dependence on input capacitance. Modern multichannel fast-shaping
read-out chips for silicon strip detectors, such as the beetle [94] and scta[95], have an
enc figure of about 500 e− + 50 e−·pF−1. Readout chips for pixel detectors have noise
levels in the order of 150 e−.




