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Počet př́ıloh 1
Jazyk Anglický
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Introduction

In nuclear and particle physics, semiconductor-based detectors are becoming increas-
ingly common due to the many unique properties they offer. Semiconductor detectors
have a very wide range of applications, from spectroscopy to large particle experiments
such as ATLAS at CERN.

The objective of the thesis is development of a semiconductor detector based on a
silicon (Si) photodiode for the detection of low energy gamma photons. The detection of
low-energy gamma photons plays a crucial role in the field of Mössbauer spectroscopy,
which requires a detector with sufficient detection efficiency and energy resolution.

The first four chapters are theoretical and provide a brief introduction to the mech-
anisms of gamma photon interaction and detection, the properties of semiconductor
detectors and the basics of Mössbauer spectroscopy. These chapters are followed by
a chapter describing the specifications of nuclear instruments used to build a spectro-
metric chain, and then a chapter introducing the numerical analysis of gamma energy
spectra.

The experimental part begins with the gamma detection tests of selected photodi-
odes and is followed by a chapter filled with the technical description of the printed
circuit board (PCB) and integration of the spectrometric chain. The thesis ends with
two chapters presenting the results of gamma energy spectra and Mössbauer spectra
measurements.
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Chapter 1

Gamma-rays properties and matter
interaction

1.1 Gamma radiation emission

Gamma-rays are photons, but the main difference from X-ray photons is that they
originate only from the atomic nucleus when it is de-excited from a higher energy
level to a lower one. The energy levels of the nucleus are similar to the levels in the
electron shell - discrete, characteristic for each isotope and can be described by quantum
numbers. Sources of gamma photons, i.e. nuclei in the excited states typically originate
by alpha and beta decay.

1.2 Passage of radiation and particles through mat-

ter

Interaction of a particle (radiation) with another particle (atom, nucleus) or with con-
densed matter can result in many types of interactions and effects - scattering of a
particle, creation of new particles and nuclei, annihilation of the incident particle, etc.
It depends mainly on the energy, electric charge, spin and mass of the particle, but also
on the properties of the target particle or matter. The physical quantity that describes
the probability of a particular interaction between a particle and a target is known as
the cross section. If normalised to the unit solid angle the differential cross section is
defined as:

dσ

dΩ
=

1

Fpart

dNs

dΩ
, (1.1)

where Fpart is the particle flux, Ω is the solid angle and Ns is the average number of
particles scattered per unit time. And the total cross section is given by integration:

σ =

∫
dσ

dΩ
dΩ. (1.2)

However, to characterise the interaction probability of a particle with condensed
matter containing many interaction centres (defined by their density), other assump-
tions have to be made. The average number of scattered particles is given by:

Nsc(Ω) = FpartANiδx
dσ

dΩ
(1.3)

9



and integrated over the entire solid angle:

Ntot = FpartANiσδx, (1.4)

where A is the total area perpendicular to the flux, δx is the material thickness and
Ni is the density of interaction centres.

Heavy charged particles (such as alpha particles, protons, muons, pions) lose energy
mainly through collisions with atomic electrons. Due to their mass, which is much
higher than the mass of the electrons (M >> me) they collide with, the direction of
their trajectory remains unchanged. The energy loss per unit distance is defined as
the stopping power dE

dx
. The stopping power for the heavy charged particles is given

by the Bethe-Bloch formula, which relates the stopping power to the energy of the
particle. However, the Bethe-Bloch formula doesn’t apply at low energies (guided by
Lindhard theory) and at higher energies (bremsstrahlung radiation). The change in
path direction is possible, with a lower probability, by the secondary interaction - elastic
scattering from nuclei.

Electrons and positrons have a much lower mass than the heavy charged particles,
so the direction of their trajectory is changed by their movement in the electric field
of the nucleus. The bremsstrahlung radiation losses are major yet at low energies.
However, the energy lost in the collisions is also important - it is guided by the special
Bethe-Bloch formula that takes into account the change in the direction of the path.

Other interaction effects are also possible (Cherenkov emission, nuclear reactions),
but they are rare or do not affect the energy of the particle as much as those mentioned
above. The interaction of neutrons is completely different because they have no charge.
The interaction effects for gamma-rays are described in more detail in the following
chapter.

1.2.1 Gamma matter interaction

Due to the fact that gamma-rays are photons, the gradual loss of kinetic energy within
materials (characteristic of charged particles) is not observed. Instead, the main effect
observed is the attenuation of the intensity of the photon flux with increasing thickness
of the absorber material.

Three main interactions of photons with matter are: photoelectric effect, Compton
scattering and pair production. The cross sections of these interactions vary with
the gamma photon energy, the material and its density (strong dependence on the
atomic number Z). Nuclear resonance interactions such as the Mössbauer effect are
also possible, but their observation requires very special conditions.

The attenuation of the photon flux has a form of exponential decay:

IT = I0exp(−µx), (1.5)

where I0 is the incident radiation intensity, IT is the transmitted radiation intensity
and the parameter µ is the total absorption coefficient, which describes the probability
of interaction per unit length and is bounded with the total cross section of single atom
σA (combination of the cross sections of the three main effects) by the relation:

µ = NdσA = σA(Naρ/Aw) (1.6)

where Nd is the atomic density, Na is the Avogadro number, ρ is the material density
and Aw is the molecular weight. The total cross section of the combined three main
interactions as a function of photon energy for lead is shown in the Figure 1.1.

10



Figure 1.1: Example of total absorption cross section for high energy photons for lead.
Taken and modified from [1].

Photoelectric effect

The photon is absorbed by an electron from the atomic shell. The electron is ejected
and acquires the kinetic energy given by the well-known equation:

Ee = hf − Eb, (1.7)

where f is the photon frequency and Eb is the binding energy.
The photoelectric effect can only be observed on electrons bounded in the atomic

shell, because the nuclei can absorb the momentum of the photon. The cross section
usually decreases with energy and can show characteristic discontinuities of K, L, M
transitions. Two types of photoelectric effect can be distinguished - external and
internal. External photoelectric effect results in the ejection of the electron out of the
material - an effect observed in photocathodes. Internal photoelectric effect causes the
electron to be excited to a higher energy level - in semiconductors this means from the
valence band to the conduction band. The photoelectric effect plays a key role in the
detection of gamma photons.
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Compton scattering

Compton scattering is an effect mainly observed on free electrons. It must be said that
the electrons in a material are usually bound, but if the photon energy is much higher
than the binding energy, the electron can be considered free [1].

This effect causes the photon to lose only part of its energy and change direction.
The energy is transferred to an electron according to the laws of conservation of energy
and momentum, and can be described by the following relationship:

Ee = E1 − E2 = E1[1− 1

1 + E1

mec2
(1− cos θ)

], (1.8)

where Ee is the energy transferred to an electron, E1 is the initial photon energy,
E2 is the scattered photon energy, me is the the electron mass and θ is the scattering
angle. This equation can be used to calculate the positions of Compton edges in energy
spectra by plugging in the angle of maximum energy transfer (ϕ = 180◦).

Pair production

At much higher energies, the photon can be converted into an electron-positron pair.
This effect occurs near the nucleus, which absorbs a part of the original photon mo-
mentum [1]. Minimum required energy is 1.022 MeV, which corresponds to twice the
electron rest energy.

The pair production and the electron bremsstrahlung are key effects in the devel-
opment of electron-photon showers. If the electron/positron produced has sufficient
energy, it emits bremsstrahlung photons. These bremsstrahlung photons can interact
again via pair production, creating new electrons. This process of shower evolution con-
tinues until the energy of the electron/positron pairs falls below the energy required to
produce bremsstrahlung radiation. At lower energies, the electrons lose more of their
energy through atomic collisions than through bremsstrahlung.

Negative effects from this type of interaction, such as the creation of single and
double escape peaks or annihilation peaks in spectra, are not observed if the energy of
gamma photons is under the minimal limit 1.022 MeV. That means that this interaction
can be neglected for the purposes of this thesis.

1.2.2 Characteristic energy spectra

Each gamma source emits photons with a characteristic energy with a certain prob-
ability. However, this characteristic energy can be altered by interactions that may
occur in the environment or within the detector itself. This results in the registration
of photon events with altered energies.

In the environment the energy spectra can be affected by:

• Characteristic X-rays - radiation-induced fluorescence usually from the lead shield-
ing material (Pb).

• Backscatter peak - Compton scattering which occurred over a wide angle.

Inside the detector the energy spectra can be affected by:

• X-ray escape peaks - When the photoeffect occurs at atomic energy levels, the
characteristic X-ray of the detector material is emitted. The escape peak has the
energy of the captured photon minus the energy of the escaped X-ray.

12



• Compton continuum - The photon interacts inside detector by Compton scatter-
ing, the scattered photon leaves the detector, which registers the photon energy
loss.

13



Chapter 2

Gamma rays detection

2.1 Properties and parameters of detectors

The main parameters of interest for Mössbauer spectroscopy are detection efficiency
and energy resolution at low gamma energies. Nowadays, three main types of detectors
are used in nuclear physics - gas, scintillation and semiconductor. The Mössbauer
spectrometer setups in the laboratories of the Department of Experimental Physics
(DEP) of Palacky University are usually based on gas or scintillation detectors.

2.1.1 Gas proportional detectors

The gas detectors are usually tubes with two electrodes filled with a special gas mixture.
A gas tube LND45479, which will be used for experiments in the following chapters, is
shown in the Figure 2.1. The incoming particle ionises the gas, producing free ions and
electrons. Gas detectors are operated in the proportional regime, which is characterised
by proportional amplification of the charge carriers. The advantage of gas detectors is
that they offer good energy resolution, but on the other hand their detection efficiency
is low, mainly due to the fact that the gas density is low. Count rates are also affected
by the long duration of the ionisation effect. They require high voltages (typically
over 1000 V) to operate and, in the case of flow counters they also require pressure
cylinders.
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Figure 2.1: Gas proportional detector LND45479.

2.1.2 Scintillation detectors

A scintillation detector is usually a scintillation crystal coupled to a photomultiplier
tube (PMT). A scintillation detector (PMT R6095 with YAP(Ce) crystal) used in this
thesis can be seen in the Figure 2.2. The first conversion of photon energy takes place
inside the scintillation crystal, where the incoming particle produces a number of pho-
tons linearly dependent on its energy. These photons are captured by the photocathode
of the PMT, where they are converted into electrons and then amplified on the dynodes
of the PMT. This amplification requires high voltages (from 500V). The gain of the
PMT can be around 106.

The detection efficiency is very high and, due to the short excitation time, they can
be used at high count rates. However, their energy resolution is much worse than in
the case of gas detectors and semiconductors. The resulting gamma spectra tend to
have distorted broad peaks, which negatively affects Mössbauer spectroscopy - reduces
SNR.
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Figure 2.2: Scintillation detector with amplifier. PMT (R6095) and scintillation crystal
(YAP(Ce)) are inside the metal tube.

2.1.3 Detectors based on semiconductors

Semiconductors offer the best energy resolution - the energy required to produce a
charge carrier is usually very small (in the order of eV). Detection efficiency depends
on the energy of the gamma photon and the thickness of the detector. The efficiency
can be very high - for example, some Si PIN diodes have efficiencies close to 100 % up
to 10 keV [2].

However, semiconductors are usually more expensive than the other types of detec-
tors. They can be used as direct radiation detectors, or they can be coupled with a
scintillator crystal.

One problem with semiconductor detectors is that there is no internal amplification,
so the signals coming out of the detectors have to be heavily amplified by electronics.
On the other hand, they are small and compact. They also don’t require high voltage
sources or heavy pressure cylinders to operate. These facts are crucial when it comes to
building more compact Mössbauer spectrometers - for example, MIMOS II [3], based
on 4 Si PIN diodes, was part of the two rovers Spirit and Opportunity on their mission
to Mars.
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Chapter 3

Semiconductor detectors with p-n
junction

Semiconductor structures have unique properties that make them useful for more than
just particle/photon detection. There are many types of semiconductor detectors, start-
ing with conventional photoresistors and photodiodes for light intensity measurements
with a spectral range from infrared to UV. For low intensities and single photon events
there are avalanche photodiodes (APDs). When the whole image needs to be cap-
tured, matrix detectors such as CCD and CMOS cameras can be used. In nuclear and
particle physics, semiconductor detectors for X-rays, gamma rays and other particles
are becoming increasingly common. For more complex measurements, such as particle
trajectories, matrix drift or strip detectors may be the right choice. For gamma spec-
troscopy, p-n junction detectors are essential. To detect Mössbauer 14.4 keV gammas
our primary choice are the Si PIN diodes for direct detection due to the high detection
efficiency under 25 keV [2].

3.1 Semiconductor structure

Individual atoms are characterised by the well-known discrete energy levels, but in the
case of solid crystals there is another model to describe the energy levels - the band
structure. In this model, the energy levels are so close to each other that they almost
form a continuum. This difference in behaviour is due to a periodic potential within
the crystal lattice. However, the electron energy Ec is not the only quantum number
that describes the behaviour of electrons within the periodic potential. By solving the
Schrödinger equation using the so-called Bloch theorem, we conclude that the second
important quantum number is the wave vector k . These two quantum numbers are
bounded by the dispersion relation Ec = Ec(k ), which is characteristic of each crystal
and may play a role in the transition of electrons between bands.

3.1.1 Direct and indirect semiconductors

The shape of the dispersion relations Ec(k ) divides the semiconductors into two cat-
egories - direct and indirect semiconductors. For direct semiconductors the energy
minimum in the conduction band and the energy maximum in the valence band have
the same k , so the transition can occur after the Eg is supplied. In the case of indi-
rect, the minimum and maximum have different k . To make the transition, additional
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momentum must be supplied (e.g. by phonons) or the energy supplied must be much
greater to allow the transition to the higher state with the same k .

3.1.2 Band structure

The basic difference between conductors, insulators and semiconductors is the valence
and conduction band structure. In conductors, the valence band overlaps the conduc-
tion band. The electrons in the conduction band can move almost freely throughout
the crystal. For insulators, there is no overlap and the energy gap Eg between the
two bands is so large that it makes any electron transitions almost impossible. How-
ever, in the case of semiconductors, the Eg is small enough to allow the electron to
jump into the conduction band and leave the hole in the valence band after receiving
enough energy - in the form of thermal energy ET = kT , electric field Es = −eφ or
photon Ephoton = ~ωphoton. The last one is the most important because it allows us
to use semiconductors as detectors. Both the electron and the hole take part in the
conduction.

3.1.3 Occupation of states

The occupation probability of states in the band structure is given by the Fermi-Dirac
distribution, since the electrons are the fermions with the exclusion rules. The possible
occupied state where the occupation probability falls below 50 % is called the Fermi
level with Fermi energy EF. For an ideal pure semiconductor at T = 0 K the EF is
in the centre of the band gap. With increasing temperature the Fermi level in most
materials moves upwards towards the conduction band.

3.1.4 Semiconductor Crystals

Semiconductor materials are usually in the form of a crystal with a diamond structure
(two FCC lattices bonded together), where the lattice atoms are bonded together by
a covalent bond. However, in real crystals there are also defects and impurities that
can change the functionality. The impurities can be intentionally added to enhance
the desired properties in a process called doping.

There are several suitable materials for the construction of ionising radiation de-
tectors. Among them the well-known is germanium (Ge), which has very good energy
resolution but requires cooling. Another suitable material is Si. Si photodiodes have
a high detection efficiency below 25 keV and are easy to manufacture, since many
other semiconductor devices are made of Si. In the case of wide-spectrum X-ray and
gamma-ray detectors, CdTe can provide sufficient parameters. The manufacture of
semiconductors for detection purposes involves many complicated processes because
the detector requirements for crystal purity are very high.

3.2 The p–n junction

Intrinsic semiconductors have a limited range of applications. We can alter the be-
haviour by adding specific impurities and create an extrinsic semiconductor. The Si
atom has 4 valence electrons which form a covalent bond with other Si atoms. If the
Si atom is replaced by an atom with 5 valence electrons, one of them will have a very

18



weak bond. By doping the intrinsic semiconductor with these atoms we create the n-
type with additional electrons localised almost in the conduction band. However, the
crystal as a whole remains neutral. Similarly, doping with atoms with only 3 valence
electrons will create holes in the valence band - the p-type. These atoms create energy
levels in the band structure, but at room temperature they are all mostly ionised and
participate in conduction. The full theoretical treatment of doping is very complex,
taking into account many other quantum and statistical physics aspects, and is not
useful for the purposes of this thesis.

The special effects arise when p-type and and n-type are bound together. The holes
of the p type and the electrons of the n type will start to diffuse into the other region.
However, this movement alters the charge density, leading to the creation of a built-in
voltage, which in the end cancels out the diffusion. This creates the depleted region,
where there are no free carriers.

Another theoretical view is that the electrons will rearrange because the Fermi level
must be the same throughout the crystal, whereas for the stand-alone p type the Fermi
level is closer to the valence band and for the n type closer to the conduction band.
The potential created in this way equalises the different Fermi levels.

The p-n junction can be connected to the supply voltage ( known as a bias) in two
ways. The first possibility is the forward connection - the p layer to plus and n to
minus. Increasing the voltage in this type of connection causes the size of the depleted
layer to decrease until it disappears completely (bias voltage is opposite to the built-in
voltage). The absence of the depleted layer makes the p-n junction conductive. The
second possibility is the reverse - p to minus and n to plus. Increasing the voltage also
increases the size of the depletion layer (bias goes with the built-in voltage). Since the
size of the depletion layer is crucial for detection, semiconductor detectors are operated
in reverse connection.

The p-n junction has many unique properties that are commonly used in the form
of classical diodes. However, it is also crucial for detection because the free carriers (if
produced at all) in the depleted layer are pushed towards the electrodes by the electric
field and form a photocurrent.

For design purposes in electronic circuits, detectors are usually modelled as classical
p-n diodes connected to the bias source in the reverse direction. In the case of detection,
the detector can also be modelled as a current source.

The p-n junction has its characteristic capacitance, which depends on the size of the
depleted layer and therefore on the bias voltage. This capacitance plays an important
role as it affects the dynamic parameters of the detection circuits and modifies the
overall frequency spectra.

3.3 Detection mechanism

The detection of a particle or photon is based on its interaction with the detector
material - in semiconductors the formation of electron-hole pairs is observed. This can
be achieved by the interaction mechanisms described in previous chapters, which differ
for each type of particle and energy. In the case of low energy gamma, the two main
mechanisms involved in the production of charge carriers are the photoeffect (internal)
and Compton scattering.

The main purpose of the semiconductor as a detector is to perform a linear con-
version of the particle/photon energy into the free charge carriers - electrons in the
conduction band and holes in the valence band. The average energy required to create
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a single electron-hole pair is usually a fixed constant - in Si it is ε = 3.6 eV [4]. Since Si
is an indirect semiconductor, this value is not equal to the gap energy, which is lower
(Eg = 1.12 eV).

The gamma photon hitting the detector first interacts with a single electron. When
the photoeffect takes its place, the primary electron with an energy much higher than
the thermal excitation will ionise electrons from all over the valence band, pushing them
into higher states in the conduction band. These conduction band electrons de-excite
to lower conduction band states and the holes redistribute to the upper valence band
states. This de-excitation process releases energy and leads to a cascade of further
excitations and interactions, producing many electron-hole pairs - the charge cloud.
The number of generated electron-hole pairs n is simply given by the relation:

n =
Egamma

ε
. (3.1)

Compton scattering results in energy distortion and gamma spectrum degradation.
Compton without any other subsequent interaction (Compton again or photoeffect) is
typical for thin detectors because there is not sufficient thickness to stop the scattered
photon again.

An ideal very thick detector could solve this problem, because all possible interac-
tions and all subsequent sub-interactions would take place inside the detector, resulting
in electron-hole generation. Such a detector would have only the full energy peaks with-
out any other unwanted counts. However, the construction of such a detector is very
complicated due to the many technical and manufacturing problems that arise with
increasing dimensions.

In a p-n junction, the charge carriers generated in the depleted layer are pushed
towards the electrodes by an internal electric field. The electronics accumulate the
charge and convert it into a voltage pulse signal, which is then analysed to extract
the energy information. Since the depleted layer is the only part where detection can
occur, it is obvious that it should be as large as possible for detector purposes.

To achieve the larger dimensions of the detection part, the p-n junction can be
upgraded to a p-i-n junction, which contains an additional intrinsic layer between the
p and n parts, acting as a fixed size depleted layer. The detectors with p-i-n junction
are called PIN photodiodes. The additional intrinsic layer reduces the capacitance but
increases the time it takes for charge carriers to leave the detector.

3.4 Main noise sources and resolution limitations

Detection efficiency and energy resolution are strongly affected by noise that alters
the signal. While some negative effects are caused by outside conditions such as tem-
perature or by noise in the electronics, some originate strictly from the properties of
the semiconductor material and can only be minimised during the preparation of the
crystal.

3.4.1 Fano noise

The physical effect within the semiconductor itself that limits the measured energy
resolution is the fact that not all of the particle’s energy is converted into charge carri-
ers. A fraction of the energy can be consumed to induce lattice vibrations (phonons).
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Statistically, the relative resolution can be described by the following equation:

∆E

E
= 2.35

√
Fε

E
, (3.2)

where E is the energy of the incoming particle, ε is the average energy required to
produce a single electron-hole pair, and F is a Fano factor. The Fano factor is a
special statistical constant that describes the dispersion in the counting process. If we
consider the case of 14.4 keV gamma in Si (ε = 3.6 eV, F = 0.12), the ∆E

E
is equal to

1.3 % and ∆E is 185.4 eV. This resolution is sometimes called intrinsic, because the
real resolution is much worse.

3.4.2 Thermal noise

It has been mentioned that the electrons can also be excited by thermal fluctuations.
However, since many of the detector materials are indirect semiconductors, the thermal
excitations are carried by the intermediate states within the band gap. These states
originate from imperfections and impurities in the crystal lattice. The electrons and
holes originating from this effect can join the charge cloud generated by the detected
particle and reduce the SNR. This phenomenon is commonly referred to as dark current.
Dark current is also increased by an applied bias.

Thermal fluctuations are much more significant for materials that require less energy
to excite the electrons to the conduction band, such as Ge. These detectors must always
be operated at low temperatures. Even room temperature can lead to the breakdown
and destruction of a detector. For Si, the valence and conduction bands are further
from each other, so thermal fluctuations are not as critical.

3.4.3 Recombination and trapping

The effect that counteracts successful carrier collection, and thus affects detection
efficiency and energy resolution, is recombination. In pure crystals, the electron can
only recombine with a hole if they have the same k . However, in real crystals there
are impurities that allow carriers to recombine - recombination centres. The charge
collection must take much less time than the carriers need to recombine.

Another effect caused by the same impurities is trapping. The trapping centres
capture the electron or hole and release it after a certain time. This effect alters the
signal pulses and can reduce the maximum possible counting rate.

Energy levels near the centre of the band gap are primarily responsible for re-
combination and trapping, which means that the impurities causing this are not the
impurities added by doping, as these have their extra energy levels near the bands.

3.5 Structure and parameters of Si PIN detector

One of the most important parameters is the size of the photosensitive area, which must
be as large as possible for effective radiation collection. This area must be treated with
extreme care, as any damage, adsorption of impurities or condensation due to high
ambient humidity will reduce the active photosensitive area.

For detection purposes, the dimensions of all three layers (P, I and N) of the p-i-n
semiconductor structure must be carefully designed. Obviously, the most important
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layer dimensions for the interactions within the detector are those parallel to the direc-
tion of incident radiation - the thicknesses of both the P and I regions. The dead region
(P) must be as thin as possible to reduce the probability that the particle will interact
at a location where the generated charge cloud would recombine almost immediately.
The active depleted layer (I) must be thick enough to allow all interactions to take
place within itself. The schematic of a PIN photodiode can be seen in the Figure 3.1.

Figure 3.1: Cross section of Si PIN diode for scintillator coupling and Si PIN diode for
direct gamma detection [5].

3.6 Available Si PIN detectors

Three different types of PIN diodes were tested. We chose a professional Hamamatsu
S14605 PIN diode and two commercial PIN diodes: BPW34 - visible and near infrared
radiation detector, OPF430 - originally designed for use in optical communications.
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Figure 3.2: PIN diodes - OPF430, BPW34 and S14605.

3.6.1 Hamamatsu S14605

The professional S14605 is designed for use as a direct radiation detector. It has a very
large light sensitive area and low capacitance.

Parameters [6]:

• Maximum reverse voltage UR: 150 V

• Photosensitive area: 81 mm2

• Capacitance: 25 pF at UR = 100 V

• Dark current: 8 nA at UR = 100 V

• Depletion layer: 0.5 mm

• Cost: 5000 CZK

3.6.2 BPW34

BPW34 is a very inexpensive radiation detector. There is a manual [7] on how to use
BPW34 as a beta particle detector, and since it is a Si PIN diode, it is worth a try and
test for our gamma detection purposes.

Parameters [8]:

• Maximum reverse voltage UR: 32 V

• Photosensitive area: 7.5 mm2
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• Capacitance: 25 pF at UR = 3 V

• Dark current: 2 nA at UR = 10 V

• Depletion layer: not specified

• Cost: 11 CZK

3.6.3 OPF430

OPF430 was originally intended as a low cost detector for fibre optic applications.
However, there was a publication [9] which described the possibility of using similar
diode OPF420 in low energy gamma spectroscopy chains as a low cost detector.

Parameters [10]:

• Maximum reverse voltage UR: 100 V

• Photosensitive area: not specified, smaller than BPW34

• Capacitance: 1.5 pF at UR = 5 V

• Dark current: 0.1 nA at UR = 5 V

• Depletion layer: not specified

• Cost: 340 CZK
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Chapter 4

Mössbauer effect and spectroscopy

The Mössbauer effect is an interaction that can occur on atomic nuclei under certain
circumstances. It is a recoilless resonance emission/absorption of gamma photons by
nuclei of the source/absorber with discrete nuclear energy levels. This effect has a
special application in material science - Mössbauer spectroscopy (MS), which is a nu-
clear experimental technique and a special type of gamma spectroscopy that uses the
appropriate nuclei in the sample as probes of local electric and magnetic fields.

This technique is capable of providing much unique information in material science,
geology, chemistry and biology - study of phase and chemical composition of solid
materials, study of local magnetic fields and spin states and in-situ measurements
of phase transitions [11]. The main disadvantage of this technique is that there is no
suitable radiation source for many isotopes. The most important is iron and its isotope
57Fe with the radioactive source 57Co (which decays to an excited state of 57Fe with a
half-life of 271.81 days [12]), which allows Mössbauer spectroscopy to be used in many
areas studying iron compounds.

4.1 Physical concept

4.1.1 Resonace emission and absorption

In the previous chapters it was mentioned that atomic nuclei are quantum systems with
discrete energy levels (analogous to the energy levels of the electron shell), so upon de-
excitation or excitation they emit/absorb gamma photons with energy E0 equal to the
difference between the levels. The emitted/absorbed energy spectra follow the shape
of the Lorentzian curve.

However, these emitted/absorbed energy spectra are altered due to the momentum
conservation law. Part of the gamma photon energy is transferred to the kinetic energy
of the nucleus, the crystal as a whole body, or transformed into lattice vibrations
(phonons). In the case of a free, stationary nucleus, the momentum and energy transfer
are so large that the emission and absorption spectra are shifted in different directions
by large energetic values, making resonance absorption impossible to observe. However,
the case of the nucleus bounded in the crystal lattice is different - the crystal as a whole
body will absorb the momentum. If we consider that the whole crystal has a much
larger mass than the nucleus, the energy transfer into the kinetic energy of the crystal
will be negligible - the gamma photon energy remains unchanged and this results in
recoilless emission/absorption. In this case the emission and absorption energy spectra
overlap and this makes resonance absorption (Mössbauer effect) observable [11].
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4.1.2 Interaction of nuclei with local fields

The nucleus, bounded within the lattice and surrounded by electrons arranged accord-
ing to the chemical bonds, has perturbed energy levels. These perturbed energy levels
are a consequence of the interactions of the nucleus with local electric and magnetic
fields, resulting in each phase or chemical composition having its own nuclear emis-
sion/absorption spectrum - the Mössbauer spectrum. Quantum physics has very well
known calculation techniques to describe these variations in energy spectra - pertur-
bation theory.

The main properties of a nucleus that cause the interactions with local electric and
magnetic fields are: the atomic number Z, the quadrupole moment Qn and its spin In

along with its projections. For spectroscopy there are three main hyperfine interactions
[11]:

• Electric monopole interaction - the interaction between the protons of the nucleus
and the s-electrons (which have a non-zero probability of being in the nucleus).
It results in an isomeric shift of the energy levels δ = EM − E0. The δ must be
defined with respect to a fixed energy level, for example the level of the radioactive
source that is used. This type of MS spectrum has a shape consisting of only one
Lorentzian (singlet shape).

• Electric quadrupole interaction - the inhomogeneous electric field interacts with
quadrupole momentum Qn of the nucleus. It results in energy variations with
respect to the square of the magnetic quantum number EQ ∼ m2 - the states
allowing different values of |m| are split into sub-states. For m = 1/2 and 3/2
there are two Lorentzians in the MS spectra - dublet.

• Magnetic dipole interaction - the spin In is tied to the magnetic momentum by the
relation µm = γIn, where γ is a gyromagnetic ratio. This magnetic momentum
interacts with magnetic fields in the nucleus and leads to the nuclear Zeeman
effect - the splitting of states with respect to possible values of the magnetic
quantum number m. The magnetic dipole interaction plays an important role in
studying the magnetic properties of materials.

Each of these effects can occur separately or simultaneously with the others.

4.2 Mössbauer spectroscopy

To obtain the spectra, we can use one of several measurement setups with given ge-
ometries. In laboratories there are dominant the setups employing transmission or
backscattering geometry with the sample as the absorber and with Doppler modula-
tion of the gamma photon energy. The emitted photons or other products generated by
the excitation are detected by a detector with electronics to accumulate the Mössbauer
spectra. The source is attached to the Doppler modulation unit (transducer) and the
energy of the gamma photons is modulated by the relative velocity of the source and
absorber, typically in the range ± 1 µeV (cca ± 20 mm/s).

For the transmission geometry, the key concept of the measurement is that if we
irradiate the sample placed as an absorber with gamma photons with energy varied
by the Doppler modulation, the gamma photons with energy equal to one of the tran-
sitions (resonance energies) will be absorbed with a certain probability. The detector
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is positioned behind the absorber and measures the number of gamma photons at a
defined energy step. The minimum counts are measured around the resonance energy.
Mössbauer spectrum acquired in transmission geometry can be seen in the Figure 4.1.

The concept of a backscattering geometry is similar in many ways, but the main
difference is the detection of the secondary particles. The nuclei in the sample are
excited by appropriate gamma photons and subsequently decay back to the original
state with some effects following - re-emission of the ”original” gamma photons in a
random direction, emission of electrons from the shell (ejected by deexcitation energy
quanta, also called conversion electrons) followed by characteristic x-rays or possibly
by auger electrons. The detection of electrons and X-rays instead of gamma photons
has many advantages and disadvantages, and for certain applications the use of the
backscattering geometry may be more appropriate. For example, the detection of
conversion electrons could handle the surface characterisation of the sample due to the
lower transmittance of electrons when compared to gamma photons.

Figure 4.1: Transmission Mössbauer spectrum of α-Fe. Taken and modified from [13].

4.3 57Fe spectroscopy

One of the isotopes on which we are able to observe a Mössbauer effect is 57Fe (natural
abundance only 2.119% [14]). The source is 57Co, which decays into the second excited
state of 57Fe by electron capture. The resulting 57Fe nuclei can deexcite themselves
in two ways (Figure 4.2) - by direct deexcitation to the ground state by emission of
136.5 keV photon or by deexcitation to the first excited state by emission of 122.1 keV
photon. The first excited state is essential as it is used to study the hyperfine inter-
actions. After the lifetime of the first excited state, the 14.4 keV photon (or other
possible conversion products) is emitted as it falls to the ground state. The 57Fe spec-
troscopy in transmission geometry is based on the detection of the 14.4 keV gamma
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photons. This thesis is mainly devoted to the application of semiconductor detectors
for the detection of these 14.4 keV gamma photons. The 57Fe spectroscopy can also
be performed in the backscattering geometry by detecting the conversion electrons or
conversion X-rays with energies around 6.4 keV.

Figure 4.2: Decay scheme of 57Co, taken from [13].

The MS spectrometer setup consists of several parts:

• Source of 14.4 keV gamma - 57Co radioactive nuclei built into a crystal lattice
(usually in a rhodium matrix). The source is mounted on the transducer.

• Transducer for Doppler modulation (Figure 4.3). It usually consists of two coils
surrounded by permanent magnets - one to drive the Doppler energy modulation
and the other to measure the velocity [15]. The system is driven by PID (pro-
portional integral derivative) or MPC (model predictive control) controllers for
precise velocity and energy control. The speed can be either constant or with
constant acceleration.

• Detector of transmitted/backscattered gamma radiation, conversion electrons or
X-rays together with readout and evaluation electronics including amplifiers, sin-
gle or multi-channel analysers, etc. It should also be noted that the conventional
detectors mentioned above do not have sufficient energy resolution to distinguish
the energy of perturbed states. For this reason, the count rates are synchronised
with the Doppler energy modulation (actual modulated energy of the source),
which is used to address the channels for spectrum accumulation.
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Figure 4.3: Transducer, taken from [16].

The diagram of the MS setup can be seen in the Figure 4.4.

Figure 4.4: Diagram of the MS setup, taken and modified from [13].

4.4 MS spectra effect and SNR

The shape of the MS spectra can be modelled by Lorentzian curves. The singlet spectra
in transmission geometry can be modelled by a single Lorentzian curve of the following
form:

L(v) = −IMS

(Γ
2
)2

(v − v0)2 + (Γ
2
)2

+B, (4.1)

where IMS is the amplitude, the Γ is FWHM in velocity units, the B is a background
level and v is the relative velocity of the radiation source and sample. The Lorentzian
in this form has the associated area A equal to:

A = πIMSΓ. (4.2)

There are two properties of MS spectra that characterise their quality: SNR and the
effect EMS. They can be calculated from the spectrum parameters using the following
equations:
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SNRMS =
IMS√
B

(4.3)

EMS =
IMS

B
. (4.4)
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Chapter 5

Electronics for signal readout and
analysis

The signals coming out of the detector need to be properly pre-amplified, amplified and
shaped. This task requires special analogue circuits with a properly designed layout.
The measurement chain for gamma spectroscopy is usually realised in the following
order - gamma detector, preamplifier, amplifier, multichannel analyser (MCA), mi-
croprocessor/computer, see Figure 5.1. When designing this spectrometric chain, we
select components to achieve sufficient parameters for a particular application - in our
case, energy resolution. For our spectrometric chain we chose instruments, modules
and parts from two companies - ORTEC and CREMAT.
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Figure 5.1: Spectrometric chain.

The task of realising the spectrometric chain can be accomplished in two ways. The
first and simpler way is to build it from stand-alone robust instruments and modules.
The second way is to design a printed circuit board (PCB) with the required function-
alities from electronic components. In our case, the PCB integration does not include
MCA and computer. In this thesis we use both methods for the development.

Building the chain from stand-alone instruments can be a more practical approach
for testing the detectors themselves, as we are not forced to solve problems arising
from the design of the electronic circuit board. However, these modules are usually
very expensive, the measurement setups build this way are unnecessarily large and
have worse noise parameters than electronic circuits specially tailored for the given
application.

The PCB design requires a lot of electronic engineering skills and development time.
The analog PCBs are very difficult to design. The advantages are that the final product
can be very compact and cheap to manufacture.

5.1 PIN detector connection and bias voltage

5.1.1 Voltage source

The PN and PIN detectors require a voltage bias to reduce the capacitance. These
voltage sources don’t need to be stiff as the current consumption of the detector is very
low.
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Gas and scintillation detectors usually require high voltage sources (hundreds or
thousands of volts). These high voltages are usually delivered by switching power
supplies. However, these supplies are usually very noisy, and since semiconductors can
be operated at much lower voltages, they are not needed. The better alternative is
to use charge pump built of capacitors and diodes, which require lower frequencies to
operate.

5.1.2 Shielding and grounding

Electromagnetic shielding is a very important part of sensitive analog signal circuits.
Sensitive circuits must be surrounded from all sides by a metallic material, which must
also be correctly connected to GND (the principle of the Faraday cage), otherwise
correct operation cannot be guaranteed. The electromagnetic disturbance usually in-
duces currents in the shielding material, so special care must be taken to prevent these
currents from flowing through the signal routes. The Figure 5.2 shows the difference
between correct and incorrect shield connection.

Figure 5.2: Diagram of incorrect and correct connection of shielding [17].

5.1.3 Cooling

To reduce thermal noise and achieve better SNR, it is necessary to cool the detector.
Cooling can be achieved in a number of ways. In most setups, a Peltier cooler can
provide the appropriate solution. These Peltier setups are the easiest to implement,
but their cooling efficiency is highly dependent on the ability to sink the heat from the
hot side.
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5.2 Spectrometric chain components

5.2.1 Pre-amplification

The signal coming from the PIN detector is a charge (current pulse), so it is necessary
to convert it into a voltage pulse. To perform the charge-voltage conversion, there is
a circuit called a charge amplifier (also called a preamplifier). The main functional
scheme is described by an opamp with a capacitor in feedback (see Figure 5.3). The
functionality is similar to an I/U transimpedance amplifier, but the charge amplifier
works mainly as an integrator. In the ideal case (opamp gain G >> 1) the measured
voltage per unit charge is approximately equal to:

dU

dQ
=

1

Cf

. (5.1)

In a real circuit there is also a resistor in parallel with the feedback capacitor.
The feedback resistor slowly discharges the capacitor after an accumulation of charge,
preventing the charge amplifier from getting into saturation. The output voltage has
an exponential decay shape with amplitude defined by the energy deposited in the
detector, a short rise time (in the order of nanoseconds) and a longer decay constant
(microseconds). Since the output of the preamplifier is in the order of millivolts, it must
be highly amplified. A very fast and low-noise amplifier consisting of several opamps is
a suitable solution to this problem. Charge preamplifiers are also very sensitive devices
and can be easily damaged by electrostatic charges.

Figure 5.3: Diagram of charge amplifier. Qs is total charge of pulse and to is the
interval of charge generation inside the detector. Taken from [18].

The functionality of the charge amplifier is also negatively affected by electronic
noise, which depends on the values of the feedback resistance and capacitance, as well
as on the internal parameters of the connected semiconductor detector and the field
effect transistor (FET) inside the amplifier. The noise model of the preamplifier circuit
is shown in the Figure 5.4. This electronic noise can be divided into three contributions,
each described by equations for noise voltages and currents [18]:
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• Thermal noise of the first stage FET:

en1 =

√
8

3

kT

gm

, (5.2)

where k is the Boltzmann constant, T is the absolute temperature and gm is the
transconductance of the FET.

• Shot noise caused by FET gate current and detector dark current:

in =
√

2e(IG + ID), (5.3)

where e is the elementary charge, IG is the gate leakage current of the first stage
FET and ID is the dark current of the detector.

• Thermal noise caused by feedback resistance:

en2 =
√

4kTRf, (5.4)

where Rf is the feedback resistance.

The square of total noise ent2(jω) is given by equation:

ent2(jω) = en2
1 ·
(

1 +
Cin

Cf

)2

+

{
in2 +

(
en2

Rf

)2
}

1

(jωCf)2
, (5.5)

where Cf is the feedback capacitance, Cin is the resulting capacitance at the amplifier
input (i.e. - parallel combination of the detector capacitance Cj and the amplifier input
capacitance Cs), ω is the angular frequency and j is the complex unit.

The first term in the equation 5.5 depends on the ratio between the input ca-
pacitance Cin and the feedback capacitance Cf, so the feedback capacitance of the
preamplifier must be optimised to reduce the electronic noise.

Figure 5.4: Noise equivalent circuit for charge amplifier. Taken from [18].
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For the PCB design we used a CR-110-R2 charge amplifier from Cremat Inc. This
preamplifier also contains the second stage - the common voltage amplifier. CR-110-R2
offers the conversion gain G = 1.4 V/pC, decay constant τ = 140 µs and noise (FWHM)
in silicon equal to 1.7 keV [19]. It can be easily calculated that for a 14.4 keV photon,
the output pulse has an amplitude equal to UA = 0.8928 mV. Note that the noise
introduced by the preamplifier is much larger than the intrinsic Fano noise (where
FWHM is 185.4 eV). Its simplified schematics can be seen in the Figure 5.5.

Figure 5.5: Simplified schematics of CR-110-R2 charge sensitive preamplifier [19].

The modular version suitable for our application is the ORTEC 142A charge pream-
plifier with G = 1.016 V/pC, τ = 500 µs and noise in silicon equal to 1.6 keV [20].

5.2.2 Shaping

To perform accurate energy discrimination, the pulse shape must be changed from an
exponential decay shape by a shaping circuit. Shaping results in filtering the frequency
band (reducing noise) and also shortens the long decay times of the original exponential
shapes. The shorter duration of the pulses prevents the negative effect of one pulse
being superimposed on another one (pile-up effect).

The Gaussian shape satisfies the optimum parameters of SNR and duration [21].
This type of shaping is usually achieved by several integration stages. The Cremat
module CR-200-1us-R2.1 offers Gaussian shaping with a shaping time of 1 µs [22]. Its
simplified internal schematic is shown in the Figure 5.6.

Figure 5.6: Simplified schematics of CR-200 Gaussian shaping amplifier [22].

The shapers are usually very sensitive to the shape of the input pulse. They expect a
step-like input pulse. The deviation from the expected shape can result in an undefined
shape at the output of the shaper.
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5.2.3 Multichannel analysis (MCA)

To obtain full energy spectrum information, it is necessary to measure and digitise the
pulse height of the incoming pulses to perform energy discrimination and increment
the corresponding channels. The multichannel analyser (MCA) can be used for this
purpose. The EASY-MCA-2K from ORTEC [23], which we use in the experiments, is
capable of processing Gaussian shaped pulses with shaping times from 0.25 µs to 30 µs
and amplitudes from 0 to +10 V.
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Chapter 6

Gamma spectrum software analysis

As mentioned in section 1.2.2, the measured gamma spectrum contains many unwanted
artefacts such as noise, Compton continuum and edges, and additional peaks caused
by various interactions. To correctly obtain the count rates at defined energies, it is
necessary to perform a numerical analysis of the measured data. Locations of energy
peaks are found, for example, by their characteristic second derivatives. Absolute count
rates are then obtained by Gaussian fitting.

6.1 Peak searching procedure

Many commercial programs use peak search procedures based on an algorithm orig-
inally developed by M.A. Mariscotti [24]. This method is based on the numerical
second difference, which assumes that the background can only be approximated by
linear functions and therefore vanishes in the second derivative. The second fact is that
the searched peaks are Gaussians with their specific second derivatives and thus their
positions can be found in local minima (Gaussians have negative second derivatives as
they are concave functions). To reduce noise, the second difference is averaged over
a defined number of steps. Rules based on the value of the standard deviation of the
second difference at a given point and other additional rules based on the number of
points in specified intervals can be used to determine whether the found minimum
should be considered as a peak position (and not as a Compton edge for example).
However, the algorithm requires input parameters based on a raw estimation of the
FWHM of the searched peaks.

For the analysis of measured gamma spectra, this algorithm was implemented in
C++ and used to find peaks and edges. The following Figures 6.1 and 6.2 show
the example of measured spectra and their second difference plotted together with
their calculated standard deviation. The possible candidates for peak positions can be
observed.
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Figure 6.1: Example of measured gamma spectra. Green lines mark the energy peaks
found by algorithm.

Figure 6.2: Second difference of example spectra along with its standard deviation
showing possible candidates (green lines).
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Chapter 7

Gamma detection testing

The purpose of this experiment is to determine the conditions necessary for selected
photodiodes to be used as detectors for gamma spectroscopy. Note that some of the
selected photodiodes are not intended to be used as gamma-ray detectors. The esti-
mation of the detection efficiency will be done in the following chapters.

For the very first test of the photodiodes, we assembled a spectrometric setup con-
sisting of ORTEC modules including a preamplifier ORTEC142A, a shaping amplifier
575A and a high voltage power supply 556 inside the ORTEC minibin (Figure 7.1).
The pulses were captured by ORTEC’s EASY-MCA-2K connected to a PC running
the MAESTRO Multichannel Analyzer Emulation Software [25]. As radioactive source
we used 57Co 50 mCi Mössbauer source (date of production: 3.11. 2016). For safety
reasons the part with radiation source was shielded by lead blocks.
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Figure 7.1: ORTEC minibin with Easy MCA connected to PC.

7.1 Noise reduction

When performing gamma spectroscopy measurements, the energy spectra are affected
by noise. To reduce the noise as much as possible, two approaches have been tested -
shielding the detector in various ways and cooling it.

7.1.1 Electromagnetic noise reduction

Photodiodes must be adequately shielded from electromagnetic interference and their
distance from the preamplifier input should be as short as possible. The use of poor
shielding leads to high levels of electromagnetic noise, which makes a large part of the
energy spectrum unobservable.

Based on many tests, it has been proven that the optimal way to shield the photodi-
ode is to place it in an aluminium box (see Figure 7.2). This crate must be as small as
possible and connected to the ground potential. However, the front of the crate must
be open to allow sufficient transmission of gamma photons to the detector. To preserve
the shielding properties, this hole has to be covered with a conductive material. We
chose a thin aluminium foil, which has sufficient gamma transmission parameters as
well as electromagnetic shielding parameters.
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Figure 7.2: Photodiodes inside aluminium shielding crates.

7.1.2 Thermal noise reduction

To reduce thermal noise, the S14605 photodiode was cooled with ice. It was placed in a
shielding box with a heat sink attached to the bottom. This heat sink was submerged
in the small tub filled with ice (see Figure 7.3). Thermal conduction was improved by
sticking the photodiode to the bottom of the shielding box with thermal paste. The
photodiode was cooled in this way to temperatures around 7-8 ◦C.

Figure 7.3: Detector cooled by ice.
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Figure 7.4: Measured 57Co spectra at two different temperatures.

The results show that cooling improves SNR, but its effect is small compared to
the effect of proper shielding. The cooling was not used in the following tests on the
ORTEC setup.

7.2 Test measurement of the 57Co spectra

The spectra for each photodiode were acquired for 30 min of live time - MCA allows
dead time compensation which extends the total real time of the spectrum acquisition.
The source was placed at a distance of 1 cm from the front shielding box (Figure 7.5)
and the set of the following filters was placed between the source and the detector:

• Lead (Pb) filter: everything should be attenuated.

• Copper (Cu) filter: transmitted - 122.1 keV, 136.5 keV absorbed - 14.4 keV, 6.4
keV.

• Aluminium (Al) filter: transmitted - 122.1 keV, 136.5 keV, 14.4 keV absorbed -
6.4 keV.
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Figure 7.5: Setup for 57Co gamma spectrum measurement with filters. PIN photodiode
is situated inside the shielding crate, which is connected to the preamplifier.

The spectrum is analysed using our own peak finder program (described in section
6.1) to find the characteristic energy components. The 14.4 keV channel position is
then used to calibrate the energy axis of the MCA spectrum. The Compton edge
caused by the interaction of 122.1 keV photons inside the detector can be expected.
The Equation 1.8 predicts the edge to be around 39.5 keV.

7.2.1 S14605 test

The optimal bias voltage of 50 V has been determined experimentally - any further
increase does not improve the noise. The measured spectra with no filter, with special
filters and only background (fully shielded) are shown in the Figure 7.6.
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Figure 7.6: S14605 spectra with founded energy peaks (green lines) and predicted
Compton edge (red line).

The first peak was determined to be a 14.4 full energy peak as it is absorbed by
the Cu filter. The 21.9 keV peak is from characteristic X-rays of the rhodium matrix,
and 59.4 keV may also originate from the source matrix. The 67.5 keV and 85.3 keV
peaks are most likely characteristic X-rays from the lead shielding. The last two peaks
(123.0 keV, 137.7 keV) are from 57Co. It can be seen that the detection efficiency of
the full energy at higher energies (122.1 keV) is very low, and that Compton scattering
is preferred interaction effect inside the detector at these energies, resulting in the
expected Compton edge. The expected peak at 6.4 keV is hidden in the electronic
noise.

7.2.2 BPW34 test

The instrumentation was similar to previous case, but BPW34 had to be operated at
a lower bias voltage, so 20 V was chosen as the optimum. The measured spectra are
shown in the Figure 7.7.
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Figure 7.7: BPW34 spectra with founded energy peaks (green lines) and predicted
Compton edge (red line).

The measured spectra of BPW34 are very similar to the previous one, but the
peak heights are about 25 times lower. The results also confirm the fact that the Si
semiconductor structure with p-n or p-i-n junction detects the gamma photons with the
same signal strength without any dependence on the dimensions. Only the detection
efficiency depends on the dimensions.

7.2.3 OPF430 test

The OPF430 was operated at 20 V. There was a problem with the very low detection
efficiency, so the source had to be placed in the shielding box just before the photodiode.
Spectra acquired in this way are shown in the Figure 7.8.
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Figure 7.8: OPF430 spectra with founded energy peaks (green lines) and predicted
Compton edge (red line).

It can be seen that the count rates are still much lower compared to previous
photodiodes. This is probably due to the fact that the detector area is very small.
The conclusion is that the OPF430 is capable of capturing the low energy gamma
rays, but the efficiency is so bad that it is unusable for any real gamma spectroscopy
application.
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Chapter 8

Design of integrated amplifier

The only way to improve the performance of the spectrometric chain is to integrate the
preamplifier, amplifier and a shaper on a small PCB, as the ORTEC setup does not
allow any upgrades. This includes shortening the signal paths, reducing the parasitic
capacitance at the preamplifier input and improving the shielding. The various proto-
types were designed as double-sided PCBs and manufactured using a milling machine.
The PCB, consisting mainly of surface mount deposition (SMD) components, was then
assembled by manual soldering.

8.1 Electronic schematic and layout

The main parts of the integrated amplifier are: photodiode input connector, preampli-
fier, second stage amplifier, shaper module, output buffer optimised for 50 Ω transmis-
sion line, bipolar voltage supply for modules and bias voltage supply for photodiode.
To surround the sensitive parts with sufficient shielding, the PCB is placed in an alu-
minium box with a window drilled for the photodiode (Figures 8.1 and 8.2). The
complete schematic and layout of the integrated amplifier designed in EAGLE [26] can
be found in Appendix.
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Figure 8.1: Fully assembled integrated amplifier PCB with attached Cremat modules
inside the shielding box.
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Figure 8.2: PCB in aluminium box with attached peltier coolers.

8.2 Grounding and shielding

To ensure that all currents have their return path with sufficient conductivity, the main
GND signal must be spilled all over the board. Even a small amount of resistance in
these paths can cause disturbing voltage dropouts. Currents from non-signal parts,
such as the charge pump, should have a different return path from the signal parts, so
the spilled GND must be split into two separate parts (signal and bias supply) that
are connected only at the input voltage connector. This type of layout is referred to
as a star ground structure [27].

The shielding box must be connected to GND in a specific location to prevent the
induced currents from the shielding to flow through the signal ground of the detector.
The best location to connect the shielding box to GND is near the voltage supply
connector.

8.3 Photodiode input and preamplifier

The photodiode is inside the box and the cathode is connected to the bias voltage
and the preamplifier (CR-110) by capacitive coupling (10 nF capacitor). The CR-110
application note also mentions an optional 220 Ω resistor to be connected before the
coupling capacitor to prevent the CR-110 from being damaged by large current spikes.
Our experience shows that this resistor should not be omitted. The signal path from
the photodiode to the preamplifier input should be as short as possible.
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8.4 Amplification and shaping

The preamplifier output is routed to the amplification stages via capacitive coupling
(to eliminate unwanted offset) and potentiometer dividers (to adjust signal amplitude).
First amplification is achieved by two non-inverting amplifiers with OPA847 opamps.
Each stage has a gain of 22. Additional gain of 10 is provided by the CR-200 shaper
module. The OPA847 opamp datasheet [28] describes that these fast opamps are prone
to unwanted oscillations due to the parasitic capacitances between input, output and
supply, and therefore the GND around the opamp must be removed from both sides of
the PCB. The output of the shaper module is routed directly to the MAX4201 output
buffer opamp, whose output is connected to the output SMA connector mounted on
the aluminium box.

8.5 Voltage supply

The power supply (typically +15 V and -15 V) is adjusted using LM317 and LM337
regulators, which convert the input supply voltages to +7 V and −4 V. However,
these regulators generate heat, which has a negative effect on SNR, so this heat has
to be taken out of the PCB by the thermal bridge connection to the aluminium box.
To stabilise the temperature during long runs, the shielding case has two additional
Peltier couples with fan attached.

The S14605 requires a bias voltage of around +50 V, which is supplied by a 3-stage
charge pump, simply assembled from capacitors, diodes and a PWM generator - NE555.
The charge pump is theoretically designed to multiply the input voltage from +15 V to
+60 V. However, due to the fact that the rectifying diodes have some dropout, and also
because the charge pump is not a stiff voltage source (even small currents in the order
of mA cause large dropout), the real bias voltage is around +50 V. The pump’s output
needs to be filtered, as it can contain voltage spikes from the switching frequency (10
kHz). To filter this high voltage output, the high voltage opamp OPA454 is connected
as a buffer - the pump voltage is connected as the opamp supply, and the voltage from
the regulator (+7 V) is connected to the negative input pin of the opamp. There is also
a jumper to switch the bias voltage between +15 V and +50 V for both the S14605
and BPW34 PIN diode.
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Chapter 9

57Co MCA measurement with
integrated amplifier

In order to properly test the assembled integrated amplifier with attached S14605 pho-
todiode (hereafter referred to as Si PIN detector) and to compare its detection efficiency
for 14.4 keV photons with the detection efficiency of the other types of detector - scin-
tillator and gas detectors - the measurement setup was constructed with a carefully
designed geometry.

The on-board gain was set to observe the 14.4 keV energy peak in the second half of
the channel range, which on the other hand meant that the photons of higher energies
cannot be observed as they are in saturation, but the detection of these energies was
not our focus.

For each detector the sequence of five measurements was performed - without fil-
ter, with filters and without source. The relative detection efficiency for 14.4 keV was
determined by a Gaussian fit of the 14.4 keV peak in spectra with background sub-
tracted. Each spectrum measurement was performed with 1200 s of live time, i.e. with
compensation for dead time.

9.1 Measurement setup

The measurement setup consisted of 3D printed parts - plastic holders for each de-
tector and holders for radiation filters. All the holders had to be modular and easily
interchangeable to keep the geometry the same for each detector. The 50 mCi 57Co
source (date of production: 12.10. 2020) was mounted on the transducer (switched off
for this measurement). To compare the detection efficiency of detectors with different
detection areas, the irradiation had to be done through a collimator, so the detector
was irradiated through a hole (d = 4 mm) in a lead shielding.

The detector output was connected directly to the ORTEC MCA. For peak iden-
tification three filters were placed in front of the lead collimator - Cu (255 µm), Al
(780 µm), Pb (5 mm).
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Figure 9.1: Measurement setup for MCA/MS.

9.2 Si PIN detector measurement

The measurement with the Si PIN detector was performed using the previously specified
setup. The measured spectra are shown in the Figure 9.2.
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Figure 9.2: Si PIN detector 57Co spectra.

It can be seen that the noise in the spectrum is much lower than in the case of the
ORTEC setups. The part of the 6.4 keV peak can also be seen. Several ways have been
tried to reduce the noise - cooling with ice, improving the shielding, etc. However, none
of them resulted in the peak of 6.4 keV energy without noise. The main part of the
remaining noise probably comes from the Si PIN diode capacitance (CS14605 ≈ 25 pF).
This was confirmed by using the same PCB with a photodiode of smaller capacitance
(e.g. BPW34, CBPW34 ≈ 10 pF). Spectra of the BPW34 connected to the integrated
amplifier can be seen in the Figure 9.3. The FWHM of the 14.4 keV peak is 3.62
± 0.06 keV. When this value is compared to the limit given by preamplifier CR-110
(where FWHM is 1.7 keV) we come to the conclusion, that there is still a room for
improvement.
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Figure 9.3: Spectra of BPW34 attached to the integrated amplifier.

9.3 Scintillator and gas detector measurement

The same setup was used to measure the relative efficiency of the scintillator and the
gas detector. For the gas detector, the LND45479 tube was used, optimised for 14.4
keV detection with amplification electronics also based on Cremat modules. For the
scintillator detector, we chose the R6095 photomultiplier tube [29] with a C9028-01
socket [30]. The scintillator crystal used was YAP(Ce) with a thickness of 0.4 mm and
the amplification was done by a custom built amplifier [16]. The measured spectra for
the scintillator are shown in the Figure 9.4 and for the gas in the Figure 9.5.
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Figure 9.4: Scintillator 57Co spectra.

Figure 9.5: Gas 57Co spectra.

In the spectra of the gas detector, three narrow peaks can be observed - a 14.4 keV
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peak and two small peaks - 6.4 keV and 19.5 keV. It also has a high level of Compton
continuum. The scintillator sees both the 6.4 keV and 14.4 keV full energy peaks.
However, its energy resolution is much worse - both peaks are significantly broader
and overlap each other.

9.4 Results

The sum of the total counts for the 14.4 keV and 6.4 keV full energy peaks and the
relative detection efficiency with respect to the most effective detector were calculated
as follows:

1. The spectra with the Cu filter are subtracted from the spectra without the filter.
This provides sufficient suppression of the Compton continuum caused by 122.1
keV photons.

2. The spectra obtained in the previous step are fitted by a sum of Gaussians. The
spectra of the Si PIN and the scintillator were fitted by the sum of 2 Gaussians,
and in the case of the gas the sum of 3 Gaussians is used due to the different size
of channel interval.

3. The value of the absolute counts (area under the Gaussian) for the given energy
spectra is calculated from the fit parameters including the uncertainties.

absolute relative
Si PIN 143000± 3000 0.291± 0.008

gas 231000± 2000 0.48± 0.01
scintillator 491000± 9000 1

Table 9.1: Table of calculated absolute and relative counts of 14.4 keV photons regis-
tered by each detector.

The peak of 6.4 keV photons is not fully observable in the case of the Si PIN
detector. However, a rough estimate can be calculated using parameters obtained
from a Gaussian fit of the partial 6.4 keV peak. The results in Table 9.2 should be
considered as indicative only. Note also that the setup was not designed to detect 6.4
keV photons. The scintillator detector had at least four layers of aluminium foil (one
layer is cca 7 µm thick) in the detection path and the parameters of the gas detector
window were entirely unknown.

absolute relative
Si PIN 273000± 8000 1

gas 20000± 4000 0.07± 0.02
scintillator 184000± 5000 0.68± 0.03

Table 9.2: Table of calculated absolute and relative counts of 6.4 keV photons for each
detector.

The results in Table 9.1 show that the scintillator detector is the best detector for
14.4 keV photons of the three detectors tested. The Si PIN detector does not excel in
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the detection of these energies and can be classified as the worst of the three. The rough
estimates in the Table 9.2 show that S14605 may be excellent for 6.4 keV detection.
To measure the full peak of 6.4 keV photons with the S14605 photodiode, upgrades in
the electronics have to be made to increase the SNR. Mainly the preamplifier has to
be optimised for the capacitance of the S14605.
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Chapter 10

Mössbauer spectra measurement

The previous chapter compared the three detectors in their efficiency of detecting
14.4 keV photons. This chapter compares them in the efficiency of measuring the
MS spectra. The good detection efficiency of 14.4 keV photons does not necessarily
imply a good MS spectrum measurement efficiency and vice versa. Effects that do
not correspond to 14.4 keV photon detection (e.g. Compton continuum) reduce the
SNR of MS spectra. To determine this efficiency, a setup similar to that used for
the MCA measurement is again used, with the addition of a sample with holder and
transducer for Doppler energy modulation. The sample chosen for this measurement
was K3[Fe(CN)6], which is characterised by a singlet spectrum.

The whole MS setup is controlled by the Mössbauer spectrometer unit controlled
by the PC software [16], both developed at Department of Experimental Physics. The
control unit drives the transducer, regulates its velocity profile and also processes the
incoming pulses from the detector. The control software also does all the data process-
ing and acquires the MS spectrum data files that are analysed in this chapter.

The detector output is routed directly to the MS spectrometer control unit where
the amplitude discrimination window for the MS spectrum measurement is selected.
However, the previous MCA showed that the interval of the 14.4 keV peak is different
for each detector, so in order to compare the detectors in MS efficiency, the amplitude
discrimination window must be selected according to the location of the 14.4 keV
energy peak. We selected this interval as 90% of the FWHM of the 14.4 keV energy
peak with respect to the results of the MCA measurement for each detector.

The MS spectrum for each detector can be seen in the Figures 10.1, 10.2 and 10.3.
One MS spectrum was measured for 20 hours, including only the valid cycles when the
velocity error did not exceed the defined limit.
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Figure 10.1: Si PIN detector K3[Fe(CN)6] MS spectrum.

Figure 10.2: Gas detector K3[Fe(CN)6] MS spectrum.
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Figure 10.3: Scintillator detector K3[Fe(CN)6] MS spectrum.

Each spectrum is fitted by the Lorentzian according to equation 4.1. However,
when comparing the MS parameters between detectors, there was a problem with the
different width of the line in each spectrum most probably caused by the mechanical
vibrations affecting the transducer. If the SNRMS and EMS (equations 4.3 and 4.4),
which both depend on IMS, are to be comparable between measurements, it is neces-
sary to recalculate IMS for each Lorentzian with respect to the same line width. The
recalculation is based on the following consideration: The altered velocity signal may
cause the variations in Γ of a singlet Lorentzian curve, but its area A (total number
of counts), given by the equation 4.2, should remain unchanged by this effect. Thus,
if A is conserved although Γ is changed, the new amplitudes Irec corresponding to
the recalculated Lorentzians with the same Γref can be obtained by a simple relation
Irec = Γ

Γref
Ioriginal. The reference Γref is the lowest Γ of the measured spectra. The

measured spectra were recalculated this way and the results obtained for each detector
can be seen in the table 10.1.

SNRMS EMS

Si PIN 27.4± 0.5 0.444± 0.007
gas 35.7± 0.5 0.338± 0.005

scintillator 54.3± 0.3 0.355± 0.002

Table 10.1: Measured SNRMS and EMS for each detector.

The results show that the best SNRMS is obtained with the scintillator detector,
and thus the Si PIN detector is not the best candidate when it comes to acquiring
MS spectra in transmission geometry. However, the highest EMS is associated with
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the Si PIN detector and therefore it can be used in some applications where EMS is an
important parameter.
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Discussion

The development of the PIN detector for transmission MS spectroscopy can be contin-
ued by using photodiodes with better detection efficiency - by using a Si photodiode
with greater thickness or by using a photodiode made of another material with higher
Z, e.g. Ge. To fully observe the 6.4 keV energy peak, it will be necessary to use a
photodiode with lower capacitance (greater thickness also implies lower capacitance)
or a preamplifier with better characteristics. This optimised preamplifier can be re-
alised using discrete opamps. The development can also be continued by mathematical
modelling of a better semiconductor detector for MS and by a theoretical simulation
of its detection efficiency, using some of the well-known programs for simulating the
passage of particles through matter, such as the Geant4 [31].

Multiple PIN photodiodes can be used to construct the semiconductor detector
with a larger detection area. The fact, that the photodiodes are small, allows us
to arrange them in a specific way to cover the given solid angle. This concept can
provide better detection efficiency of gamma photons. However, to reduce noise, each
photodiode must have its own preamplifier and amplifier. The final aim is to build a
compact Mössbauer spectrometer for backscattering geometry by combining several Si
PIN photodiodes with a small transducer in one instrument.
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Conclusion

The main goal of this thesis was fulfilled. The Si semiconductor detector capable of
detection of low-energy gamma photons was developed and both the MCA and MS
spectra were measured.

The preliminary tests of the SI PIN photodiodes were successful - all three selected
photodiodes (S14605, BPW34 and OPF430) produced spectrometric pulses and the
gamma spectra of 57Co were measured and interpreted. Characteristic full energy
peaks of 57Co (14.4 keV, 122.1 keV and 136.5 keV) were observed, as well as the
expected Compton continuum resulting from Compton scattering of 122.1 keV inside
the detector. It was found that electromagnetic shielding plays a very important role
in noise reduction. The Si PIN photodiodes attached to the charge preamplifier cannot
operate properly without sufficient shielding. Cooling the photodiode also had an
effect, but it was much less significant.

It was shown that even a cheap Si PIN photodiode (BPW34 and OPF430), originally
designed for light detection, could be used as a detector for gamma spectroscopy.
However, it has been shown that their detection efficiency is much lower than that of
the S14605 photodiode, which is classified as an X-ray detector.

The analog front-end electronics, based on the Cremat preamplifier and shaper, was
constructed with desired functionalities. It was designed for +15 V and -15 V power
supply to operate. The MS measurement setup using the constructed Si PIN detector
was assembled and the transmission MS spectra of a singlet sample were successfully
measured.

Two types of measurements were performed to compare the Si PIN detector with the
gas and scintillator detector - the 14.4 keV relative detection efficiency measurement
and the MS measurement. The only parameter of the Si PIN detector that can be
characterised as the best among the detectors tested is the measurement effect.
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31. GEANT4. Geant4, a toolkit for the simulation of the passage of particles through
matter. Available also from: https://geant4.web.cern.ch/.

67

https://geant4.web.cern.ch/


List of Symbols and Abbreviations

σ cross section
σA cross section of single atom
Fpart particle flux
Ns average number of particles scattered per unit time from single point target
Ω solid angle
A area perpendicular to the flux
Ni density of interaction centres
Nsc(Ω) average number of particles scattered per unit time multiple interaction centres
Ntot average number of particles scattered per unit time multiple interaction centres

integrated over entire solid angle
δx material thickness
Z atomic number
IT transmitted radiation intensity
I0 incident radiation intensity
µ total absorption coefficient
Nd atomic density
Na Avogadro number
ρ material density
Aw molecular weight
f photon frequency
h Planck’s constant
~ reduced Planck’s constant
Ee kinetic energy of free electron
Eb binding energy of electron
E2 scattered photon energy
E1 initial photon energy
me electron mass
M heavy charged particle mass
c speed of light in vacuum
dE
dx

stopping power
θ scattering angle
ϕ maximum scattering angle
Ec energy of electron inside crystal
Ec(k ) energy dispersion relation
k wave vector
Eg energy gap
ET thermal energy
Es electrostatic energy
Ephoton photon energy
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EF Fermi level energy
k Boltzmann constant
φ electrostatic potential
T thermodynamic temperature
t temperature (Celsius scale)
ωphoton photon angular frequency
Egamma incident gamma photon energy
ε average energy for electron-hole pair generation
n number of generated electron-hole pairs
E energy of incoming particle
F Fano factor
UR reverse voltage
E0 base energy level of nucleus
EM pertubed energy level of nucleus
Qn quadrupole momentum of nucleus
m nuclear magnetic number
In spin of nucleus
EQ energy variation with respect to magnetic quantum number
γ gyromagnetic ratio
δ isomer shift
µm magnetic momentum of nucleus
Lv Lorentzian in MS spectrum
v relative velocity of radiation source and MS sample
v0 velocity corresponding to the resonant energy
A area under Lorentzian
Γ FWHM of Lorentzian
IMS amplitude of Lorentzian
B MS background level
EMS MS effect of measurement
SNRMS MS signal to noise ratio
Q charge
U voltage
I current
IG FET gate current
ID dark current
Cf feedback capacitance
Rf feedback resistance
G gain
en1 thermal noise of the first stage FET
en2 thermal noise caused by feedback resistance
in shot noise
noise total noise
ω signal angular frequency
j complex unit
gm FET transconductance
τ decay constant
UA pulse amplitude
Cin input capacitance
Cj detector capacitance
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Cs amplifier input capacitance
d collimator diameter
Irec recalculated amplitude of Lorentzian
Ioriginal original amplitude of Lorentzian
Γref original FWHM of Lorentzian

CZK czech crown
PCB printed circuit board
SNR signal to noise ratio
PMT photomultiplier tube
MCA multichannel analyser
APD avalanche photodiode
CCD charge-coupled device
CMOS complementary metal–oxide–semiconductor
FWHM full width at half maximum
GND ground
YAP(Ce) yttrium aluminium perovskite dopped by cerium
MS Mössbauer spectroscopy
MPC model predictive control
PID proportional–integral–derivative
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Appendix

Schematic and layout of the integrated amplifier

Full EAGLE schematic and layout are in the folder IntegratedAmplifier.

Schematic of integrated amplifier.
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Layout of integrated amplifier, top side layer.

Layout of integrated amplifier, bottom side layer.

Peak searching program

File SpectreAnalyzer.cpp: C++ program for automatic searching of peaks in spectrum.
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