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Zusammenfassung

Das Ziel der vorliegenden Arbeit ist es, die Detektorantwort und die zugrundeliegen-
den Prozesse eines Rontgen- und 7-Detektors, bestehend aus einer SDD (Silizium
Drift Detektor) Zelle gekoppelt an einen CsI(T1) bzw. einen LaBrs(Ce) Szintillator
und einem SDD Array bzw. einem pnCCD (pn Charged Coupled Device) gekoppelt
an einen CsI(T1) Szintillator zu analysieren, um die Grenzen und Verbesserungs-
moglichkeiten fiir Spektroskopie - und Bildgebungsanwendungen aufzuzeigen.

Fiir das System SDD / pnCCD + Szintillator fehlt bisher eine Systembeschrei-
bung, die die relevanten Beitrage zur Energie- und Ortsauflosung auflistet und deren
Werte angibt. Ergebnisse aus Berechnungen und Simulationen deuten darauf hin,
dass fiir den einzelligen SDD + Scintillator der Hauptbeitrag zur Energieauflésung
von der nicht proportionalen Bildung von Szintillationsphotonen in Abhéngigkeit
zur deponierten Energiedichte herriihrt. Die Inhomogenitat und die Effizienz der
Licht- und Ladungssammlung erzeugen nach Ergebnissen aus Simulationen fiir die
gewahlten Detektorparameter nur einen kleinen Beitrag zur Energieauflésung, falls
ein CsI(T1) Szintillator verwendet wird. Diese und die restlichen Beitrage werden
fiir y-Energien in dem Bereich 6 keV - 662 keV presentiert.

~v-Kameras bestehend aus einem SDD array mit 77 hexagonalen Zellen mit einer
Fliche von 8.7 mm? pro Zelle, gekoppelt an einen 5 mm dicken CsI(T1) Szintillator
wurden in Bezug auf ihre Orts- und Energieauflésung fiir y-Photonen mit Energien
von 60 keV und 122 keV untersucht. Diese Kameras wurden fiir potentielle Anwen-
dungen im medizinischen Bereich wie zum Beispiel die Emissionstomographie bei
Kleintieren entwickelt. Die intrinsische Ortsauflosung erreicht Werte von 1.1 mm
(60 keV) und 0.5 mm (122 keV) und eine relative Energieaufldsung von ca. 0.37. Er-
gebnisse aus Simulationen reproduzieren die Messwerte und deuten darauf hin, dass
die Hauptbeitrige zur Energieauflosung durch den geringen Abstand des Signals zum
Schwellenwert der Datenerfassung und durch die Abhéngigkeit der Signalhdhe von
der Erzeugungstiefe der Szintillationsphotonen im Szintillator bestimmt werden. Die
Simulationen zeigen, dass eine Reduzierung der Szintillatordicke und insbesondere
des elektronischen Rauschens, was auch eine Verringerung des derzeitigen Schwel-
lenwertes der Datenerfassung ermoglicht, die Energie und Ortsauflésung verbessern.

Die Kombination eines pnCCDs mit einer Pixelgrofe von 75 x 300 um? bzw. 300
x 300 pum? gekoppelt an einen 0.7 mm bzw. 1 mm dicken CsI(T1) Szintillator als
~v-Detektor fiir den Energiebereich von 1 keV - 150 keV wurde mittels Simulationen
untersucht, um dessen Eignung als Detektor mit einer ausreichenden Energie und
Ortsauflosung fiir Strukturanalysen an Materialien mit Hilfe von Rontgenbeugung
zu priifen. Die Quanteneffizienz von pnCCDs, die zu Energien grofer als 10 keV ex-
ponentiell abnimmt, wird durch die Ankopplung eines Szintillators an den pnCCD
wieder vergrofert. Das gekoppelte System wird von der pnCCD Seite her bestrahlt,
um weiterhin die sehr gute Energie und Ortsauflosung des pnCCDs bei niedrige-
ren Energien auszunutzen. Hoherenergetische Photonen durchdringen den pnCCD
und generieren im Szintillator Photonen. Die Ergebnisse aus den Simulationen deu-
ten darauf hin, dass der Detektor, bestehend aus pnCCD -+ CsI(T1), bei passender
Wahl der Detektorparameter geeignet ist, Rontgenbeugungsmuster in ausreichender
Energie- und Ortsauflosung im Energiebereich von 1 keV - 150 keV darzustellen.



Abstract

The intention of this work is to analyze the detector response and the participating
processes of a X- and ~-ray detector consisting of a single Silicon Drift Detector
(SDD) cell coupled to a CsI(T1) or LaBrs(Ce) scintillator and a SDD array or pn-
Charged Coupled Device (pnCCD) coupled to a CsI(T1) scintillator in order to define
limitations of the detector performance and possibilities to improve it.

For the system, SDD / pnCCD + CsI(Tl) or LaBr3(Ce) scintillator, the relevant
contributions to the energy and spatial resolution are investigated and their values
are determined from results of measurements, calculations and simulations, which
have not been presented in literature yet.

Results indicate, that the main contribution to the energy resolution for a single
SDD cell coupled to CsI(T1) or LaBrs(Ce) originates from the so called scintillator
non-proportionality. Simulations show that the light and charge collection efficiency
inside the system generate only a minor contribution to the energy resolution, if
CsI(T1) is used as scintillator. These and the remaining contributions are presented
for incident 7-rays in the range from 6 keV to 662 keV.

A ~-camera consisting of a SDD array with 77 hexagonal cells and an active area
of 29 x 26 mm?, which is coupled to a 5 mm thick CsI(T1) scintillator, has been
investigated with respect to the spatial and energy resolution for y-rays with an
energy of 60 keV and 122 keV. These detectors have been developed for medical ap-
plications, e.g. emission tomography for small animals, with a sub millimeter spatial
resolution in the energy range of interest. The spatial resolution reaches values of
1.1 mm for 60 keV and 0.5 mm for 122 keV photons. The relative energy resolution
has a value of about 0.37. Results from simulation reproduce these results and indi-
cate that the main contributions to the energy resolution originate from a high data
acquisition threshold, due to the increased electronic noise and the dependence of
the number of signal electrons on the generation depth of the scintillation photons
inside the scintillator. A reduction of the scintillator thickness and especially the
decrease of the electronic noise, which enables a lowering of the data acquisition
threshold, improves the spatial and energy resolution.

The combination of a pnCCD with a pixel size of 75 x 300 pm? or 300 x 300 pm?
and a CsI(T1) scintillator of 0.7 mm or 1 mm thickness respectively were investigated
by simulations for their suitability as a y-camera in the energy range of 1 keV - 150
keV. In particular the application as a detector for X and ~-ray diffraction pattern
analysis with sufficient spatial and energy resolution was of interest. By coupling a
scintillator onto the pnCCD a higher quantum efficiency of the system is reached.
The coupled system will be irradiated from the pnCCD side to utilize the good
performance of the pnCCD in the low X-ray energy range up to several 10 keV.
The pnCCD is almost transparent for hard X- and 7-ray photons, which generate
scintillation photons inside the scintillator. Results from simulations indicate that
the detector, pnCCD + CsI(T1), is suitable to detect diffraction patterns in the
energy range 1 keV - 150 keV, if detector parameters are chosen and set properly.
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1. Introduction

The detection of hard X- and ~v-rays is interesting in different fields such as astro-
physics, medical applications, material science, monitoring the radiation in nuclear
power plants and fusion plasmas or simply the detection of radioactive sources. Ion-
ization chambers belong to the first detectors for radioactive radiation. The energy
deposited by the radiation is detected directly inside the gas volume. These de-
tectors can be defined as direct detectors. The first ionization chambers have been
invented in 1908 by Rutherford and Geiger [1].

In the 1950s and 1960s a second type of direct detector, the solid-state detector
with a higher stopping power than the gas chambers, emerged and have been steadily
improved in the following decades [2]. Especially detectors consisting of silicon (Si)
and germanium (Ge), which could be fabricated in a high purity have been produced
for direct X- and ~-ray detection. Si-detectors can be used for direct X-ray detection
up to 30 keV, because of its low atomic number, Z = 14, and density, p = 2.33 g/cm?
[3]. The stopping power of Ge-detectors for X- and 7-radiation is higher compared to
Si-detectors, due to its higher atomic number, Z = 32, and density p = 5.32 g/cm?.
Their disadvantage is the high leakage current at room temperature, hence the high
electronic noise, because of the small band gap of 0.67 ¢V at 300 K [4]. To reduce
the electronic noise to an acceptable value, the detector has to be cooled down to
the temperature of liquid nitrogen. Other, larger band gap semiconductor materials
like Hgls, CdTe and CdZnTe, which have the potential of room temperature y—ray
semiconductor detectors have been investigated. Drawbacks of these materials are
their poorer spectral resolution compared to Ge-detectors, due to charge trapping
[5, 6, 7]. Furthermore, these materials are difficult to fabricate and to process.

After the invention of the photomultiplier tube (PMT) by Kubetsky in the year
1930 a different type of radiation detectors, consisting of a scintillator coupled to a
PMT, appeared. In these detectors the energy of the vy-radiation is deposited inside
the scintillator, where it is converted into scintillation photons (generally from the
ultra violet, UV, and visible range, Vis), which are detected by a photodetector,
which is sensitive to scintillation photons. This detector type can be defined as
indirect detector and it is operated at moderate cooling temperatures compared to
Ge-detectors. There are a number of scintillators with a higher stopping power com-
pared to the materials of which room temperature y—ray semiconductor detectors
consist of.

The energies of Vis, UV, X- and y—ray photons are illustrated in Fig. 1.1, which
shows a part of the electromagnetic spectrum.

Scintillator + PMT detectors have been the first choice for v-ray detectors until
the 1990s. Their disadvantage is their high sensitivity to magnetic fields, so that
they cannot be used in medical applications and in instruments for fundamental
research, where magnetic fields are required. Furthermore the bias voltage is several
kilo volts. Hybrid photon detectors (HPD) are an alternative for PMTs, but they
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Figure 1.1.: Part of the electromagnetic spectrum.

have to struggle with the same disadvantages.

Photodiodes (PDs) have substituted the PMTs in several applications, due to a
higher quantum efficiency, QE, and low sensitivity to magnetic fields. The detector
performance can be improved with an avalanche photo diode (APD) as photodetec-
tor, because of a higher signal to electronic noise ratio than PDs, due to the internal
gain. The disadvantages of APDs compared to PDs are the higher sensitivity to
bias, temperature change and an additional contribution to the energy resolution
originating from the internal gain. Another promising photodetector candidate is
the silicon photomultiplier (SiPM). It has the potential to exceed the performance of
the other photodetectors. (Compared to APDs, SiPMs are operated in Geiger mode,
which reduces the contribution of the internal gain to the energy resolution). Yet
some technological issues have to be solved. The high number of dark counts, the
optical cross talk have to be reduced and the fill factor, which limits the quantum
efficiency, has to be increased.

Advantages of a detector system consisting of a scintillator + silicon photodetec-
tor are on the one hand the possibilities to choose between a variety of scintillators
with properties, i.e. the atomic number Z, density, range of the scintillation spec-
trum, shape and thickness of the scintillator, which fit best the overall detector
and photodetector requirements. On the other hand the outstanding properties of
approved and established silicon photodetectors can be maintained. Furthermore,
these detectors are more compact compared to the detector systems, scintillator +
PMTs.

The use of a silicon drift detector (SDD) as photodetector for scintillation photons
has the following advantages: a lower electronic noise compared to PDs, a lower
sensitivity to bias voltage and temperature change compared to APDs. Furthermore,
there is no internal gain degrading the energy resolution. In addition the SDD
capacitance does not depend on the detector area. The reason for these advantages
results from the SDD working principle. There is also the possibility to design the
SDD entrance window (EW), which consists of an antireflection coating (ARC) and
which can be optimized to ensure a high quantum efficiency for scintillation photons
of the used scintillators.

Silicon Drift Detectors, first presented in 1984 by Gatti et al. [8] for X-ray de-
tection, are nowadays being used in a rising number of different applications. As



a result of the continuous improvements in the detector technology developed by
PNSensor and Politecnico di Milano, SDDs are established as state-of-the-art detec-
tors for energy dispersive X-ray (EDX) spectroscopy [9].

Detector systems consisting of SDDs with an ARC-Window in combination with
scintillators, such as CsI(T1) and LaBrs(Ce), have also been developed by PNSensor
GmbH and Politecnico di Milano. Theses detectors have been investigated for the
first time as v-ray detectors for spectroscopy and imaging in the years 1997 and 2000
[10, 11]. Spectroscopic investigations presented in [12] showed a superior energy
resolution for gamma energies above 100 keV in comparison to photodiodes and
photomultipliers (PMTs). The spatial resolution of the imaging ~-ray detectors
consisting of SDD arrays coupled to CsI(T1) belong to the best ever measured [13].

The aim of this work is to understand the X- and v-ray detector system consisting
of a SDD / pnCCD (pn Charged Coupled Device) coupled to a scintillator in order
to determine limitations of the detector performance and to find possibilities to
improve its energy and spatial resolution.

To achieve this goal, measurements have been performed with SDDs coupled
to the scintillators, CsI(Tl) and LaBrs(Ce), to determine the energy resolution,
the number of detected signal electrons inside the SDD, the electronic noise, the
quantum efficiency and the spatial resolution. Results from these experiments are
then compared with results from calculations and Monte Carlo simulations. The
calculated so called scintillator "non-proportionality" contribution of CsI(T1) and
LaBr3(Ce) to the energy resolution for incident -rays in the energy range from 6 keV
to 662 keV is presented for the first time in this work. Furthermore the contribution
of the light and charge collection efficiency to the energy resolution in the system
scintillator, reflector, entrance window for the scintillation light are determined. The
detector response of SDD arrays and pnCCD pixel detectors coupled to CsI(T1) has
also been investigated.

The composition of this work is as follows: After the introduction in Chap. 1, in
Chap. 2 basic information on the interaction of photons with the detector materials
is given. The interaction process of X- and ~-ray photons in Csl and LaBrj crystals,
the generation of scintillation photons in CsI(T1) and LaBrs(Ce) and the detection
of photons from the near ultra-violet and visible range in a silicon are analyzed.

In Chap. 3 the concept and operation of a SDD and the principles of hard X-
and v-ray detection with a SDD in direct detection mode or a SDD coupled to a
scintillator are depicted.

In Chap. 4 one of the basic equations of this thesis, the energy resolution for-
mula in terms of the full width at half maximum FWHM(E) respectively R(E) =
FWHM(E)/E is deduced for the case of a solid - state detector coupled to a scintil-
lator, describing all relevant contributions to R(E).

The quantum efficiency of the SDD for X-rays and scintillation photons is dis-
cussed in Chap. 5. The energy dependence of the quantum efficiency, which is
determined by the entrance window, is investigated for X-rays and photons from
the near ultra-violet and visible range. The values of the quantum and charge col-
lection efficiency are calculated. Also the angle dependent quantum efficiency is
examined.

In Chap. 6 the results of the energy dependent light yield and energy resolution
of spectroscopic measurements and simulations in the range from 6 to 662 keV are
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discussed for the detector system consisting of a single SDD cell coupled to CsI(T1)
or LaBr3(Ce). The relevant noise contributions are investigated and their values are
determined. The contributions of the light and charge collection efficiency and the
scintillator non-proportionality to the energy resolution of CsI(Tl) and LaBrs(Ce)
coupled to a single SDD are analyzed in detail.

In Chap. 7 detectors consisting of SDD arrays or pnCCDs coupled to one CsI(T1)
scintillator covering all cells are examined. Measurements and simulations of the
spatial and energy resolution have been performed for a 77 cell SDD array with
the dimensions 29 x 26 mm? and a hexagonal cell size of 8.7 mm? coupled to one
5 mm thick CsI(T1) scintillator. The spatial resolutions for incident photons of
59.5 keV and 122 keV and the energy resolutions for 59.5 keV, 88 keV and 122 keV
photons have been determined. A spatial resolution of 1.1 mm and 0.5 mm have
been determined at 59.5 keV and 122 keV and an energy resolution of about 0.37.
From Monte Carlo simulations the main contribution to the energy resolution are
determined and possibilities to improve it are proposed.

Also a pixel detector consisting of a pnCCD coupled to CsI(T1) has been investi-
gated theoretically by simulations as a detector, which extends the energy range of
the pnCCD X-ray camera into the hard X- and ~-ray range. The examined pnCCD
has pixel sizes of 75 x 300 um? and 300 x 300 um? and the CsI(T1) scintillator has a
thickness of 0.7 mm or 1 mm. The dependency of the energy and spatial resolution
on the pixel size, electronic noise, data acquisition threshold, scintillator light yield,
scintillator thickness and the reflector are presented to define the best parameter
values.

In Chap. 8 the results of this work are summarized and conclusions are drawn.



2. Physical background of solid
state radiation detectors

2.1. Interaction of photons with matter

The main interaction processes of photons with matter are the photoelectric effect,
Compton scattering and pair production. The photoeffect is dominant for photon
energies, E, where the ratio Ex_.45./E cannot be neglected. Ex_.q4e is the binding
energy of the K-shell electron. For energies E >> Ex_ .44, Wwhere the binding energy
of the K-shell electron is negligible to the incident photon energy and the electron
can be regarded as quasi free, Compton scattering becomes the dominant process.
Photons with E > 2m.c? = 1022 keV, with m, the electron mass and c the velocity of
light, interact additionally via pair production, which is the process with the largest
cross section for photon energies of several MeV.

In this thesis, we are examining the direct detection of X- and ~-rays with the SDD
/ pnCCD and the indirect detection with a detector consisting of a SDD / pnCCD
coupled to a scintillator. In case of the direct detection, X- or «-ray photons interact
with the SDD / pnCCD via the processes described above, by depositing the full
or a part of their energy inside the SDD / pnCCD, generating signal electrons. In
case of the indirect detector, the X- or ~-ray photons deposit their energy inside
the scintillator, generating electron hole pairs, which have a certain probability to
recombine radiatively, producing scintillation photons, which are transferred with a
certain efficiency into the SDD / pnCCD. Scintillators generally produce scintillation
photon spectra in the near ultra violet (UV) and visible (Vis) energy range [14]. The
scintillation photons generate electron hole pairs via photo effect inside the SDD /
pnCCD. The generated and collected electrons are the signal charge carriers.

The difference between the photo effect triggered by X- and ~-ray or scintillation
photons is that in the first case the electron is ejected from a core shell into the
continuum with a certain distance to the ionized atom. Whereas in the second case
the electron is excited from the valence into the conduction band.

In the following we investigate the material and energy dependence of the absorp-
tion coefficient for X-, y-ray photons, due to the photo effect, Compton scattering
and pair production in Si, Csl and LaBrs. We also investigate the absorption coef-
ficient of photons from the Vis and near UV range in Si. Furthermore the number
of electron hole pairs produced by one photon is examined in the energy range 1.24-
8.2 eV. In the X- and ~-ray range the mean energy to create one electron hole pair
and the Fano factor are analyzed.



2. Physical background of solid state radiation detectors

2.1.1. Interaction of X- and v-rays with Si, Csl and LaBr;

At first we turn our attention towards the cross sections of the photo effect, Compton
scattering and pair production and calculate the absorption coefficient of X- and ~-
rays in Si, Csl and LaBrs.

The photoelectric effect occurs only to bound electrons, due to simultaneous en-
ergy and momentum conservation. The total photon energy is absorbed by the
electron, which is ejected from the atom with the kinetic energy E;;,, = E - E;, with
E the photon energy and E, the electron binding energy.

For photon energies larger than the K-edge energy of the material, E >> Eg, but
for non-relativistic energies, E << m.c? = 511 keV, the photoelectric cross section
of the K-shell per atom, ®,, can be expressed in the Born approximation by

2\ 5
O,y = 4254 250, (mgc ) (2.1)

where m, is the electron mass, ¢ the velocity of light, Z the atomic number, 7 =
8mr2/3 = 6.651 x 107 cm?, & = 1/137 the fine structure constant and r. the
electron radius [15, 16]. The deviation of Eq. 2.1 is small for photon energies
E < 0.5m.c? = 255.5 keV [15]. For relativistic energies, E > m.c?, Sauter [17]
derived in the Born approximation the formula:

(I)pr,rel =
Bqigsp DAV N4 A= 1 Vel (2.2)
2 0(7_1)7/2 3 y+1 27472 — 1 v—/72 -1

where

1 B E + m.c?

’y = =
1_ %2 MeC?
e

ve is the velocity of the photo electron. In the Born approximation the kinetic
energy of the scattered particle is small compared to that of the incident particle
and large compared to the ionization energy [15]. In this case the wave function of
the scattered particle can be approximated by plane waves. The Born approximation
is not valid for photon energies close to the ionization energy (K-edge) and for heavy
elements [15]. These disturb the wave functions of the scattered particles by their
stronger potential energy in such a way, that the plane wave approximation does
not hold anymore. In this case the exact wave functions of the continuous spectrum
must be used instead of the plane waves. Eq. 2.1 must be multiplied by a correction

factor [15, 18|:
B V21 Z [ mec? exp(—4€arceot(€))
F&)= 137 V' E 11— eap(—2r¢) 24

where ¢ = ‘/% and [ = 0.5%7)1602, which yields the exact non-relativistic total

cross section of the K-shell photo effect [15]

mec®\® exp(—A€arccot(€))
E ) 1 — exp(—2m¢)

(2.3)

D) K cxact = SO Z0D < (2.5)
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The correction factor in Eq. 2.4 has also been used to correct the photoelectric cross
section for heavier elements in the relativistic regime given by Eq. 2.2 [19].

The scattering of X- and ~-ray photons on quasi free electrons is called Compton
scattering. The electrons in the inner atomic shells, the valence and the conduction
band of a solid are quasi free, if their binding energy is negligible compared to the
photon energy. The cross section for the Compton scattering per atom is described
by the formula:

1 2(1 1
q)c = 2777"32{ —ZK/ |: ( i I{)
K

1 1+ 3k
T 2n Eln(l +2K) | + %ln(l + 2kK) FSPE }

(2.6)
where £ = E/m.c? [16].

The third process is called pair production and occurs only close to a third particle,
due to energy and momentum conservation. The minimum energy necessary for
this process to happen is E,;, = 2m.c*(1 + m,/M), where M is the mass of the
third particle. The cross section for pair production in the vicinity of a nucleus is

proportional to
(I)pair,nucl X 627,,222. (27)

In this work we investigate the interaction of photons with an energy below 1 MeV
with CsI(T1) and LaBrs(Ce). Pair production does not occur in this energy range
and therefore it is discussed in App. A.1.1 for the interested reader.

The total cross section for a photon interacting with matter is

O =, + D+ Dpyir (2.8)
and the mass absorption coefficient

p N[L/em?|®[em?]  nNs®[em?] _ Na®

p plg/emd Mg e’ /] (2.9)

with N the density of atoms, N4 the Avogadro number, n the number of mole and
M the molar weight. For compounds and mixtures

()

where W; is the weight fraction and (p/p), the mass absorption coefficient of each
element in the compound [20]. The absorption coefficient is then p = (u/p) - p.
To exhibit a large absorption coefficient, hence a high stopping power, for X- and
~-rays, scintillators should have a high atomic number, Z, and density, p, but a low
molar weight, M. A high Z number increases the cross section for photo effect, so
that the energy, where the Compton process becomes important is shifted to higher
energies. Thus detectors of materials with a high Z number are favoured, because
the background from Compton events is lower.

Fig. 2.1 shows the absorption coefficient of Csl, LaBrs and Si, calculated with
the formulas 2.2 - 2.10 and A.2. The absorption coefficients for the photo effect,
Compton scattering and pair production in Csl and Si are also presented (Fig. 2.1
black lines). In case of the photo effect the used cross sections are ®,_g czact (Eq.
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Figure 2.1.: left Fig.: Calculated overall absorption coefficient for Csl (green) and
LaBrs (blue) with the cross sections given in Eq. 2.5, 2.2 times 2.4, 2.6
and A.2; Absorption coefficients of the photo effect, Compton scattering
and pair production for Csl (black curves); right Fig.: Calculated total
absorption coefficient for Si (purple), composed of the absorption coeffi-
cients for the photo effect, Compton scattering and pair production for

Si (black curves).

2.5) and @, g e - f(€) (Eq. 2.2 and 2.4) in the range 40 keV < E < 475 keV and
E > 475 keV. ®p,_k cxact 1s not accurate in the energy range 0.5m.c? < E < m,.c%
There is no analytical formula for the photoelectric cross section in this energy
range. The curve of p,[CsI| has a discontinuity at E = 475 keV (Fig. 2.1 on
the left), because the formula @, f crae is substituted by @, _f e - f (€) from the

discontinuity to higher energies.

The total absorption coefficient for the photo effect decreases with increasing
energy and has the same magnitude as the absorption coefficient for Compton scat-
tering around 200 keV in Csl and LaBrs and around 50 keV in Si. The difference
in energy is due to the higher atomic number and density of Csl and LaBrs com-
pared to Si. For photons with energies of about 50 keV the absorption coefficient
is about 60 cm™! and 40 cm™' for CsI and LaBrs and about 1 cm™! for Si (Fig.
2.1). In Fig. 2.2 the absorption coefficients of y-rays in Si, Ge, LaBrs and CsI are
plotted in the energy range from 1 keV to 10 MeV. In the energy range from 10 keV
to 100 keV the absorption coefficients of Ge, LaBrs and Csl are 1 to 2 orders of
magnitude larger compared to Si. For higher y-energies 100 keV < E < 1022 keV
the difference decreases below one order of magnitude, because the absorption co-
efficient is determined in this energy range mainly by the Compton effect, which
depends linearly on the atomic number Z. On the one hand the overall absorption
of the system can be increased by increasing the thickness of the scintillators. On
the other hand, increasing the thickness of the semiconductor detector has a lot of
technological challenges. The leakage current and the bias voltage of thicker semi-
conductor detectors are larger, thus its thickness is limited. In Fig. 2.3 the energy
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Figure 2.2.: Absorption coefficients of Si, Ge, LaBrs and CsI are taken from [21]
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Figure 2.3.: Calculated ratio of absorbed to incident photons in a 450 um thick Si,
2 c¢m thick LaBrs and Csl with values from Fig. 2.2.
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dependent absorption of vy-rays in a 2 cm thick LaBrs and Csl and 450 pm thick Si
is shown. The energy threshold for 100 % absorption in 2 ¢cm thick LaBrs and Csl
is more than one order of magnitude higher (E < 100 keV) compared to a 450 um
thick Si (E < 10 keV).

Interaction of electrons with matter

The photo effect and Compton scattering generate free electrons with a certain ki-
netic energy and holes in valence bands and atomic shells. The excited atoms relax
via generation of Auger electrons and/or fluorescence photons, which again gener-
ate free electrons and/or fluorescence photons. The photo, Compton and Auger
electrons can generate secondary electrons by inelastic collisions with atomic elec-
trons, leading to the ionization of the atom. For the investigated v-energies, E <
1 MeV, the energy loss of electrons by bremsstrahlung can be neglected. Below 1
MeV the differential energy loss of an electron per unit path length in matter can
be approximated by the equation developed by Bethe [19]

dE etNapZ mev? e*NypZ E,
—— = ———In{ 1.166 = In{1.166— 2.11
dv  4mwelAm v? n( 21 ) 4re3d Am,.c?3? n( I ) (2.11)

where e is the electron charge, N4 the Avogadro number, A the atomic weight, v the
relativistic velocity of the incident electron, § = v/c, I the mean excitation energy
of the atoms inside the medium and E, the kinetic energy of the incident electron.
For compound materials the effective values of Z, A and I have to be used instead

[16]:

7 = Z CI,Z'Zi
A=) ad (2.12)

where a; is the number of atoms of the i-th element in the compound molecule.
The effective values for Csl and LaBrs are Z(CsI) = 108, A(CsI) = 259.8, I(CsI) =
553 eV and Z(LaBrs) = 162, A(LaBr3) = 378.6, I(LaBrs) = 455 eV. For E. close
to I formula 2.11 becomes inaccurate and for F, = I/1.166 it is zero. The mean
excitation energy, which is about several hundreds of €V is determined from fits to
experimental data for E, of a few keV and larger in literature [24]. For E. falling
below the binding energy of electrons in a certain atomic shell, the mean excitation
potential I decreases as well. It has been proposed to substitute the constant I in
formula 2.11 by an energy dependent mean excitation energy I' given by [24]

/ 1
I = 7 (2.13)
1+ kg
Inserting I’ instead of I into formula 2.11 yields:
dE e*NapZ E,+ kI
—— = ——F———[n| 1.166 2.14
dr  4re3Amc?? " ( I ) (2.14)

10



2.1.

Interaction of photons with matter

T J T T
NN | = const:
9 :33\ Csl
10°F AN LaBr, | 3
NN —Si ]
= NN I' with k = 2.8:] ]
E NN Csl
N N E
L10°F | NN
> L
RS
L
?
10"
1l 1t taal |||||-
0,1 1 10 100 1000
Energy [keV]
Figure 2.4.: Mean energy loss of electrons depending on the electron energy in Csl,

LaBrs and Si. The mean excitation energies are Ios; = 553 eV, Irapr,
=455 eV and Is; = 173 eV [23].

Fig. 2.4 shows the energy loss of electrons depending on their kinetic energy up to
1 MeV, described by Eq. 2.11 (solid lines) and Eq. 2.14 (dotted lines) where k =
2.8. A value of k = 2.8 has been proposed in [25] for scintillators down to electron
energies equal to the mean excitation energy, E. = L.
The path length of the electron inside the medium can be calculated by
dE

0 Ee,thr
Ee — —_—
s(Ee) /E —dB/dz 30*/&

where sq is the path length of the electron with energies below the threshold energy,
Ee thr, at which formula 2.11 or 2.14 become inaccurate. In Fig. 2.5 the path lengths
of electrons in Csl, LaBrs and Si are plotted against the energy of the incident
electron, using the parameters k = 2.8, so = 0 and £, 4, — 150 eV. The path length
is not the penetration depth inside the medium, which is shorter, due to the angle
dependent multiple scattering of the electron. The value of the deposited energy per
path length for an incident electron decreases by about two orders of magnitude,
if the kinetic energy of the electron increases from 1 to 1000 keV. Electrons with a
lower kinetic energy generate a higher ionization density.

Another important fact is the change of -dE/dx along the track, due to the re-
duction of the kinetic energy of the electron. Fig. 2.6 shows the value of -dE/dx
along the track inside Csl covered by an incident electron with a kinetic energy of
E. = 10 keV at the beginning of the track. It shows that -dE/dx increases slowly
along the track and faster at the end of the electron track.

dE

T (2.15)

11
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Figure 2.5.: Path length of electrons in Csl, LaBrs and Si as a function of their

enerqy.
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Figure 2.6.: Deposited energy per track length for an incident electron with an energy
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of 10 keV along its track inside Csl. After a path length of about 1.2 um,
the electron has an enerqy of B, = Iogr left. Iogr is the mean excitation
energy in Csl.
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Furthermore -dE/dx fluctuates at each position along the track for a constant
kinetic energy of the incident electrons. These fluctuations can be described by
Landau fluctuations [26]. The probability distribution of these fluctuations can be
approximated by the Moyal distribution [27]:

Moyal(§) = —=eap |3 (¢ +esp(~0)| 27 (210
and

B e*NypZ B e*NypZ
CdredAmoa?  Amel A2F,
the factor in front of the logarithm in Eq. 2.11. The advantage of the Moyal
compared to the Landau distribution is, that the mean value and variance have

an analytical form. The full width at half maximum of the Moyal distribution is
FWHM soyat = 3.58-B.

(2.18)
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Csl i Csl T
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Figure 2.7.: Fluctuations of -dE/dz described by the Moyal distribution for electrons
with kinetic energies of 10 keV and 662 keV in Csl.

Landau’s theory states that the deposited energy of charged particles after their
passage through thin layers is subjected to fluctuations |26, 27]. The electron path
inside the scintillator can be divided into thin layers, in which the fluctuations of
the energy deposited by electrons are described by Landau fluctuations. Fig. 2.7
shows the distribution of the fluctuations of -dE/dx, which are approximated by the
Moyal distribution, for two different electron energies, 10 and 662 keV. The solid
line describes the Moyal distribution, if E. is substituted by E, = E. + k- I, in
equivalence to the correction of the Bethe formula at low electron energies.

Conversion of the deposited energy into eh-pairs

On its path through the medium the electron generates a number of electron hole
(eh) pairs until it reaches a threshold energy below which its remaining kinetic

13



2. Physical background of solid state radiation detectors

energy is deposited through other processes, such as the generation of plasmons and
phonons. The mean number of generated eh-pairs after the deposition of a certain
energy, E, inside the medium, can be determined, if the mean energy, w, to create
an eh-pair and the Fano factor, F, in the material is known:

— E
Nep = —. (2.19)
w
An approximation for w in semiconductors and insulators (scintillators) is the for-
mula
w=a-E,+TE,, (2.20)

where 7 is the mean number of excited phonons, E,; the phonon energy and 7 - E,,
the mean energy converted into phonon excitations. For wide band gap materials
a =2 and TE,, = 1.43 €V [28]. The energy gap of silicon is £, = 1.12 eV at 300
Kelvin [3]. Inserting this value into formula 2.20 yields w = 3.67 V. For photon
energies larger than 200 eV, mean energies to create an electron hole pair of w = 3.63
[29, 30] and 3.66 eV [31, 32] have been presented in literature. The energy gap of Csl
and LaBrs are 6.1 eV [33] and 5.6 €V [34]. Formula 2.20 yields w ~ 13.6 eV for Csl
in good agreement to w = 13.3 eV, which has been determined from measurements
and is presented in [35]. For LaBrj it yields w ~ 12.6 ¢V. Results of w for Csl
from Monte Carlo simulations presented in [36] show a decreasing value from 19 to
15.2 eV with an increasing energy from E = 100 eV to 10 keV. For E >10 keV w
remains constant at 15.2 e€V. In this work the mean energy to create an electron hole
pair is set to 14 eV for Csl and 13 eV for LaBrs.

The Fano factor introduced by Fano [37, 38| describes the deviation of the vari-
ance of the number of ionizations produced by charged particles in gas chambers
from Poisson statistics. The Fano factor has also been adapted for semiconductor
detectors [39] in order to describe the difference of the measured variance, Vi,eus,
of the number of generated eh-pairs, N, by charged particles from the variance
described by Poisson statistics:

Varmeas (Neh) =I. Varpois (Neh) =I. Neh- (221)

In literature F has been calculated for different semiconductors with a value F =
0.115 for silicon [29]. Results of calculations for CsI presented in [36] show that
F increases with increasing energy and remains constant at F = 0.28 for energies
larger than 1 keV.

The physical reason for the variance of the number of generated eh-pairs around
its mean value Ny, is the following. The deposited energy E by X- or y-ray photons
is distributed among Compton, photo and Auger electrons and core and valence
band holes. These electrons generate further electrons by ionization (leaving holes
in the valence band). Generation of secondary electrons by ionization continuous
until the energy of all generated electrons reach an energy threshold Ey,, below
which no further electrons and holes can be generated by inelastic electron electron
scattering [29, 30]. Due to the fact, that the generated electrons (holes) can occupy
an energy range F, < E, < Ey,, the deposited energy E can be distributed among
a varying number of electrons (holes) from event to event. Furthermore the energy
of the electrons (holes) is also dissipated into a number of phonons and plasmons,

14



2.1. Interaction of photons with matter

which is also varying from event to event, increasing the variation of the number
of generated electrons (holes) [29, 30]. The variation of N, ; from one event j to
another results in the variance given by formula 2.21.

2.1.2. Interaction of UV—Vis photons with Si

The maximum intensity of the scintillation spectrum of most of the scintillators is
in the near ultra violet and visible (UV—Vis) range. These photons interact with
silicon mainly via the so called "inner" photo effect, where electrons from the valence
band or impurity states are excited into higher available energy states, which can
be higher impurity states or conduction bands. But there is also the probability for
excitations within the same band [40].

Energy [eV]

Figure 2.8.: Bandscheme of silicon after [{1]

For certain photon energies the joint density of states of the conduction and
valence band becomes maximum. This leads to the so called Van Hove singularities
in the joint density of states (see A.1.2). In Fig. 2.8 the band structure of intrinsic
silicon is illustrated [41]. Two regimes with an excitation energy E; and E,, give rise
to Van Hove singularities, hence to characteristic points of the absorption of silicon
at E = E; and E, (Fig. 2.9).

For photon energies close to the energy gap, phonons have to participate in the
absorption process, with the emission or absorption of at least one phonon, because
silicon is an indirect semiconductor. Thus the excitation of an electron from the
valence into the conduction band by photons with energies around the energy gap
of silicon, Egy, is a second order process with a lower absorption coefficient compared
to the first order direct transitions for photon energies > 3.3 eV, which is explained
in more detail in A.1.2. Fig. 2.9 shows the absorption coefficient of intrinsic silicon,
which has been taken from [42].

If silicon is doped with impurities, the so called Mott transition occurs at doping
concentrations of about 10'® cm™3 [40]. At higher doping concentrations electrons
or holes localized on the donators or acceptors become free carriers.

For heavily doped semiconductors the absorption coefficient is larger, compared
to lowly doped and intrinsic silicon. This is due to a narrower energy gap [43].
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Figure 2.9.: Absorption coefficient of intrinsic silicon at 300 Kelvin. Data are taken

from [42].

Furthermore, at high doping levels the high density of charge carriers enables an ad-
ditional absorption process, where a charge carrier transfers the suitable momentum
to the excited electron instead of a phonon. There is a third absorption process in
heavily doped semiconductors. This is the free carrier absorption, where electrons
or holes are excited within the same band. These three processes lead to an increase
of the absorption coefficient in doped silicon compared to intrinsic silicon in the
energy range below 3.3 eV. Fig. 2.10 shows the absorption coefficient of intrinsic
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Figure 2.10.: Absorption coefficient of intrinsic and phosphor or boron doped silicon
at 300 Kelvin. Data are taken from [42, 43, 44, 45].

and heavily doped silicon. Calculated absorption coefficients in the range 400 to
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1200 nm are presented in App. A.1.2.

In Fig. 2.10 absorption coefficients of photons are shown for intrinsic and heavily
phosphor or boron doped silicon in the range from 300 to 1100 nm. For photons with
wavelengths in the range from 370 to 700 nm the absorption coefficient in heavily
doped silicon is larger as in intrinsic silicon by a factor up to 3. To longer wavelengths
this difference increases and reaches a value of more than 3 orders of magnitudes at
1150 nm. Due to the fact, that the maximal doping concentration of silicon inside
the SDD / pnCCD entrance window is at least one order of magnitude lower than
the doping concentration of silicon shown in Fig. 2.10, the absorption coefficient
inside the p-doped part of the SDD / pnCCD entrance window is approximated by
that of intrinsic silicon in the considered range from 300 to 1000 nm in this work.
Intrinsic silicon becomes transparent for photon energies below E = E, - E,, = 1.12 -
0.05 eV = 1.07 eV (A = 1160 nm), whereas for heavily doped silicon the absorption
coefficient increases slowly to longer wavelengths, due to free carrier absorption.

Another important material parameter is the number of electron hole pairs, hence
the number of signal electrons, generated by one absorbed photon from the UV -
Vis range, which is denoted as the internal quantum efficiency (IQE). Fig. 2.11
presents the measured iQE for a silicon pn-detector. Coming from low energies or
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Figure 2.11.: Internal quantum efficiency of a silicon pn-detector taken from [46].

long wavelengths the iQE increases to 1 from 1000 to 950 nm [46]. In the wavelength
rage from 950 to 300 nm the iQE remains constant at 1 [46]. To shorter wavelengths
the iQE increases, so that there is the probability that one photon generates more
than one electron hole pair.
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2. Physical background of solid state radiation detectors

2.2. Light generation in scintillators: CsI(Tl) and
LaBr;(Ce)

Scintillators are materials, which convert a part of the energy deposited by X-, -
ray photons or ionizing particles into UV-Vis photons, which can be detected by a
photodetector like PMTs, PDs, APDs, SiPMs and SDDs / pnCCDs.

The first scintillators have been produced in the late 1800s [47]. From the begin-
ning of the 1900s until today many scintillators with different properties have been
developed. Inorganic scintillators are often used in combination with photodetec-
tors as v-ray or particle detectors, because of their high stopping power, due to a
high density, p, and atomic number, Z. The conversion of the deposited energy into
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Figure 2.12.: Beginning of one possible path of secondary particles generation after
the interaction of a y-ray with the scintillator.

scintillation photons includes the following steps:

1. generation of electrons and holes by an incident high energetic photon (Fig.
2.12)

2. generation of secondary electrons, holes, photons (Fig. 2.12) and plasmons
3. thermalization of electrons and holes (Fig. 2.13)
4. energy and charge transfer to luminescence centers (Fig. 2.13)

5. radiative (generation of scintillation photons) or non-radiative decay of the
excited luminescent centers (Fig. 2.13)

(14, 48].

The mean number of generated scintillation photons is

_ _ EF_
Npn=Nen 5-Q==5-Q. (2.22)

Eq. 2.22 is a phenomenological approach, which describes the mean number of
generated scintillation photons, N,,, after an interaction of an incident photon,

18



2.2. Light generation in scintillators: CsI(Tl) and LaBrs(Ce)

energy
A
threshold
energy
for ionization
e thermalization  ygnsfer to radiative or
[ ] % v e
. < ° luminescence  non rOdI.OTIV'e
phonon centers recombination
Conduction band . e \
a N
frap —— @ 1 A* excited state

l,vv\‘ scintillation
hoton

2 A ground state

phonon
e

h thermalization

Figure 2.13.: Processes following the thermal relaxation of the produced electrons and
holes to their recombination via scintillation photon generation.

which deposits the energy E inside the scintillator [14]. N,;, depends on the mean
energy, w, to create an electron hole pair, the mean transfer probability S, of the
energy of thermalized eh-pairs to the excited states of luminescence centers and the
mean probability, @, for radiative relaxation of the excited luminescence centers, A*
(see Fig. 2.13).

Calculations for CsI presented in [36] indicate that @ remains constant for energies
above 10 keV. On the contrary S varies with the deposited energy over the whole
energy range from several 100 eV to several 100 keV [49]. In this work it will
be shown that the dependence of S on the deposited energy in combination with
other particular scintillator properties and the ionization density lead to an energy
dependent light yield and a degradation of the intrinsic energy resolution of the
scintillator.

The light yield of scintillators is defined by equation

T Nph S - Q

Mo =F ==
which is the mean number of generated scintillation photons N, divided by the
deposited energy, E. Manufacturers of scintillators generally specify an energy inde-
pendent light yield, which is often defined as the light yield at 662 keV.

The mean number of created eh—pairs, N, follows from N, = E Jw. For a ~
energy of E = 662 keV and w ~ 13 eV (see Sec. 2.1.1) a value of N, ~ 51000,
which corresponds to about 77 eh-pairs/keV, is calculated. A light yield of L = 65
photons/keV for an absorbed energy of 662 keV in CsI(T1) and LaBr;(Ce) have been
presented in [50, 51]. Inserting N, and L for 662 keV into Eq. 2.23 yields the result
S-Q ~ 0.84, what means that only a fraction of 0.84 of the generated electrons and
holes are captured and recombine radiatively.

From Eq. 2.22 and 2.20 it can be deduced that scintillators with small band gaps
and S, Q as close as possible to 1 reach a maximal light yield L.

(2.23)
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2. Physical background of solid state radiation detectors

The transfer probability, S, of thermalized electrons and holes to activators de-
pends on the following processes:

1. limitation of charge carrier capture probability at luminescence centers
2. trapping due to unwanted impurities

3. * low ionization densities in combination with low and unequal mobilities for
electrons and holes reducing the probability of finding each other before re-
combining non radiatively (Occurs at low ionization densities, mainly in alkali
halide scintillators.)

[14, 48, 52, 53, 54|. Competing processes for non-radiative transitions from excited
activator states are:

1. thermal quenching, caused by electron-phonon coupling and the emission of
phonons instead of photons

2. concentration quenching for high concentrations of activators, caused by the
migration of the energy from one activator to the next until a quenching site
is reached

3. quenching due to energy levels of the excited activator states close to or inside
the conduction band with a high probability for the electron to be excited into
a free state again

4. * high ionization densities in combination with low mobilities, which lead to
an Auger like quenching of excitations

[14, 48, 53, 54].

All these non-radiative transitions reduce the radiative recombination efficiency, Q,
which is further investigated in App. A.2 (Eq. A.28). The processes listed in the
enumeration points 3* and 4* are proposed to be the cause of the so called non-
proportionality in scintillators [52, 53, 54|, which will be discussed in detail in Chap.
6.

The scintillators investigated in this work are Thallium (T1) doped CsI and Cerium
(Ce) doped LaBrs. Tl is supposed to be substitutionally integrated onto Cs and Ce
onto La sites of the host lattice. The electron configuration of free atoms and atoms
bound inside these scintillator crystals are presented in Table 2.1. Due to spin-orbit
coupling the ground and excited states of TIT and Ce3* are supposed to be split
into multiplets (see Fig. 2.14), which are named ?*'L;, where S is the total spin,
L the total angular momentum and J = L + S the total electronic momentum.
The selection rules for an electric dipole transition are AJ = 0,+1, AS = 0 and
J =0 —= J = 0 is forbidden. In case of spin-orbit coupling the selection rule
AS = 0 is not strong. Black and green arrows in Fig. 2.14 show allowed transitions,
which have a fast decay time of several 10 ns, whereas partly allowed transitions
with a slow decay time of several 100 ns are illustrated by the orange arrow. The
position of the ground and excited states relative to the valence band maximum and
conduction band minimum determines the capture probability of holes and electrons.
The capture probability is 0, if the states reside inside the valence and conduction
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free atom configuration free atom | configuration
Cs [Xe|6s La [Xe|5d6s?
I |Kr]4d'5s%5p° Br [Ar]|3d'94s?4p®
Tl [Xe]4f15d106s%6p Ce [Xe|4f26s>
CsI(T1) LaBr;(Ce)
atom inside | configuration || atom inside | configuration
lattice lattice
Cs* [Xe] La3* [Xe]
I [Xe| Br- [Xe]
T1" [Xe|4f'45d 1065 Ce’* | Xe|4f!
(T17)* [Xe|4f45d106s6p (Ce3t)* [Xe|5d

Table 2.1.: Electron configuration of free and bound atoms in the scintillators CsI(Tl)

and LaBrs(Ce). * denotes the excited state. [48]

—_— 1p] singlet )

4 3 D,
(TI)* 636p 3§2 triplet (ce”* 5d —— , o2
3. [ states D3/2

PO

A\ 4 2F
T+ 652 X Y g ce¥t 4f —— i
Y 2F5/2
LS-coupling LS-coupling

Figure 2.14.: Multiplet, due to spin-orbit coupling, of the ground and excited state of
TI* and Ce** with allowed (black and green arrows) and partly allowed
(orange arrows) electric dipole transitions. (from [48])
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2. Physical background of solid state radiation detectors

band. If the ground or excited states are close to the valence or conduction band
with an energy difference around AE = kgT,,, < 25 meV at room temperature,
where kp is the Boltzmann constant and T.,,, the temperature, then the capture
probability depends strongly on the temperature. A low capture probability of the
T1* and Ce?" states increases the probability that electrons and holes are captured
by shallow or deep traps with an increase of non-radiative recombination.

The energy of the Ce?* ground state (*F32) is supposed to be about 0.9 eV above
the valence band edge and the lowest excited state (2Ds/2) 4 €V above the lowest
ground state and 0.7-1 eV below the conduction band edge [55]. These energy states
of Ce3* are optimal for capturing electrons and holes without any quenching caused
by temperature. The scintillation in LaBrs(Ce) is claimed to originate from the
allowed electric dipole transitions from the lowest excited (Ce3")* 5d energy level,
2D3/s, to the Ce®t 4f ground states, ?F7 /o and 2Fj ) (Fig. 2.14 green arrows) [55].

In literature the position of the ground states of TI" relative to the valence band
maximum in Csl has been determined from calculations to be 0.73 eV and a value
of 1.5 €V has been inferred from experiments [56]. The origin of the scintillation
spectrum in CsI(T1) is more complicated. The lowest excited TI* state with a
partially allowed electric dipole transition into the ground state 1S; is the triplet
state 3P;. It is claimed that the radiative transition P, —' Sy contributes to the UV
range of the scintillation spectrum [57]. The crystal environment around TI leads
to a splitting of the degenerate triplet state 3P, into two states, creating two weak
emission bands in the ultra violet range at 3.09 and 3.31 eV of the transition 3P, —1
So [58]. This transition is assigned to the UV portion of the CsI(Tl) scintillation
spectrum (see Fig. 2.15 left shoulder at about 400 nm of the green curve) and
it has a low intensity compared to the visible portion [59]. The visible part of the
scintillation spectrum is attributed to the recombination of two kinds of self trapped
excitons (STEs) perturbed by a TIT ion, the so called "weak off" and the "strong
oft" STE with emissions around 485 nm and 550 nm [60, 58, 61, 57|, which can be
described by

e+ VTt = e+ LTI — (I37)TIT — 21" Tl + hy (2.24)

[48], where V} is a hole localized between the two anions, I~, and STE = (I37)*.
The STE is composed of a Vj center and a trapped electron. The STE is a system
of two spins, which can couple in such a way to build triplet and singlet states.
The singlet state is supposed to have a higher energy than the triplet states, so
that the slower transition from the triplet state dominates the decay time at low
temperatures |58, 60]. At room temperature the decay time is faster, due to a higher
number of electrons in the singlet state [58].

Besides the number of transitions, which contribute to the radiative transitions,
the width of the scintillation spectrum is also determined by the coupling of the
excited states to phonons, which has an influence on the radiative decay time too.
The spontaneous transition probability for the electric dipole transition without and
with inclusion of lattice vibrations is discussed in more detail in App. A.2.

Observed decay times range from about 10 ns for allowed dipole transition (se-
lection rules) on free atoms and molecules to values larger than 1 ms for triplet to
singlet transitions in some molecules [62]. For a short scintillation decay time also
the energy between the ground and excited state, Ey,, = hc/A, and the index of
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2.2. Light generation in scintillators: CsI(Tl) and LaBrs(Ce)

refraction have to be as large as possible. One reason for the slow scintillation decay
times in the range from several 0.1 to several 1 ps in CsI(T1) [59] in contrast to
about 30 ns in LaBrs(Ce) [63| at room temperature is attributed to the fact, that
triplet states are involved into the emission of scintillation light in CsI(T1) with par-
tially allowed transitions from the excited into the ground state of the luminescence
center.

The effect of lattice vibrations is not to change the overall transition probabil-
ity, but to alter and broaden the absorption and emission band shape (Fig. A.3),
which can be determined from photoluminescence measurements, which excite the
medium with photon energies smaller than the ionization energies of the atoms [14].
The luminescence caused by ionizing radiation is called radioluminescence and leads
generally to several emission bands, because of the existence of several luminescence
centers. Moreover the absorption and emission spectra are shifted in energy against
each other (Fig. A.3), so that their overlap is minimized, reducing self-absorption,
for an increasing coupling of the electronic states with lattice vibrations. This shift
is called Stokes Shift (Fig. A.3), Egiokes, which is specified as the energy difference
between the absorption and emission band maximum and can be expressed by the
Hyang-Rhys parameter, H [64]:

Estokes = <2H - 1)Eph (225)

where E,, is the energy of the phonon. A stronger coupling between electronic
states and lattice vibrations (phonons) leads to a larger Stokes Shift. The Stokes

LaBr;(Ce) CsI(T1)
emission maximum [eV] | 3.48% | 3.21¢ | 3.31° | 3.09° | 2.55 2.25°
emission maximum [nm] | 356 | 386 || 375 | 401 486 551
decay time [us] at 300 K 0.037 ? ? 10.7-16 ¢ | 0.55-0.9 ¢
Stokes Shift[eV] 0.55% 1.01° [ 1.13% | 1.74° | 2.08
optical phonon E,;,[meV]| 15¢ 114
calculated Intensity 1 | 1.7 1 1.7 13 67.5
calculated H 19 46 52 80 93
calculated I'[eV] at 300 K 21 028 | 0.3 0.37 0.4
calculated I'[nm] at 300 K | 23 | 26 32 39 71 99

Table 2.2.: Summarization of the energy of the emission mazimum, decay time,
Stokes Shift, optical phonon energy, intensity, Hyang-Rhys parameter
H and width T of the emission bands in LaBrs(Ce) and CsI(Tl) “:[65],

b.[58], ¢:[66, 67, :[48], <:[59], T :[6].

Shift and the energy of optical phonons in LaBrs(Ce) and CsI(Tl) are listed in
Tab. 2.2. Inserting Egores and E,p, into Eq. 2.25 yields the Hyang-Rhys parameter
(Tab. 2.2). The temperature dependent absorption and emission (luminescence)
bandwidth can be described by

By
) |  Ep 2.26
I'(Temp) = 2.35Ep \/H coth (QkBTemp)' ( |
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2. Physical background of solid state radiation detectors

where kp is the Boltzmann constant and T, the temperature. In this special
case the absorption and emission band are mirror images. From Eq. 2.26 the band
widths for LaBrg(Ce) and CsI(T1) at 300 Kelvin are calculated and presented in
Tab. 2.2. The decay time of LaBrs(Ce) is much faster than that of CsI(T1), so
that it is suitable in detector applications, which have to resolve high count rates.
The advantage of CsI(Tl) compared to LaBrs(Ce) is that its emission spectrum
peaks at longer wavelengths, around 550 nm compared to 355 nm. The challange
to build a photodetector with a high quantum efficiency is larger for photons from
the ultra violet range, because a large amount of photons is absorbed inside the
entrance window, due to a shorter absorption length compared to photons from the
visible range. Furthermore the self-absorption should be lower in CsI(T1) compared
to LaBr3(Ce), because of a larger Stokes Shift. The intensities, which are the sum
of several Gaussian peaks, used in the calculations in Fig. 2.15 (dotted lines) have
been chosen to fit the measured scintillation emission spectra.

1v0 T T T T T
scintillation
spectrum

08 - measured ]

> a
= — CsI(TI)
g 06} LaBr,(Ce)’ |-
'_g - calculated
_g 04l CsI(TI) |
© LaBr,(Ce)
£
o
b4 0.2 [ i
AN
0,0 | AR S T T T T
300 400 500 600 700 800 900

Wavelength [ nm ]

Figure 2.15.: Normalized scintillation spectra of LaBrs(Ce) [63, 68] and CsI(Tl) [69]
with the maximum of the emission spectrum of LaBrs(Ce) at about
355 nm in the ultra violet range, and of CsI(Tl) at 550 nm in the visible
range with the following assignments ®:[69] and °:[63, 68]. Dotted lines
are the spectra of the calculated emission bands of the scintillators.

Scintillation spectra of CsI(T1) and LaBrs(Ce) are plotted in Fig. 2.15. The
calculated width of the emission spectrum of CsI(Tl) and LaBrs(Ce) (Fig. 2.15
solid bright green and blue line) underestimates the measured emission spectrum
(Fig. 2.15 solid dark green and blue line). This may be, due to a still not complete
understanding of the complicated luminescence processes in CsI(T1).

The photodetector, which is coupled to these scintillators, has to be optimized
for the detection of scintillation photons. Two SDD / pnCCD entrance windows
have been developed, which are optimized for scintillation light from LaBrs(Ce) and
CsI(T1) (Chap. 5).
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3. Principles of hard X- and ~-ray
detection with Silicon Drift
Detectors (SDDs)

direct
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nofors L L L

pre- shaper + ADC MCA PC
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detection e

scintillator

SDD

Figure 3.1.: Drawing of the detector application consisting of a bare SDD in direct or
SDD + scintillator indirect detection mode with the readout electronics.

Fig. 3.1 shows a drawing of the SDD detector and its readout electronic for
the direct and indirect detection of X- or «-rays. In the direct detection mode X-
or y-rays deposit their whole or a part of their energy directly inside the SDD.
A part of the deposited energy is then converted into a number of eh-pairs. In
the indirect detection mode X- or ~-rays interact with the scintillator, where the
deposited energy is converted into scintillation photons. A fraction of these photons
reach the SDD and are transferred with a certain efficiency into the SDD. Each
absorbed scintillation photon generates an eh-pair. In both modes the electrons are
collected with a certain efficiency at the anode. The amount of charges is converted
into an electrical signal, which is further filtered and amplified. The analog signal is
then digitized by an analog to digital converter (ADC) and a multi channel analyzer
(MCA) converts the digital signal into a number, the ADC channel number. Plotting
the channel number into a histogram for a high number of incident photons yields
the spectrum.
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3. Principles of hard X- and ~y-ray detection with Silicon Drift Detectors (SDDs)

3.1. Direct detection of X-rays with a Silicon Drift
Detector

Silicon Drift Detectors (SDDs) fabricated by PNSensor in Munich are widely used
as sensors in high resolution X-ray spectroscopy. The state-of-the-art SDD shows
energy resolution values, expressed as the full width at half maximum (FWHM),
down to 123 eV of the Mn-K, peak at moderate operation temperatures of T = -
20°C and input count rates up to a few hundreds of kilo counts per second (kcps) with
peak-to-background (P/B) values up to 20000. Investigations of the light element
performance yielded energy resolution values of 38 eV for the Boron line (180 eV)
or 42 eV for the Carbon line (277 eV) |9]. Different detector sizes and shapes have
been developed from 5 mm? up to 50 cm?.

3.1.1. Detector working principle

+ -
p ot +

Q

depleted bulk below
undepleted bulk depletion

degleted bulk
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depletion
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Figure 3.2.: Concept of sideward depletion

The working concept of a SDD is based on the principle of sideward depletion,
which has been introduced by Gatti and Rehak in the year 1984 [70]. The basic
idea is to deplete a n™-type silicon substrate from both sides of the wafer, which
are reverse biased p'-type contacts with respect to a small n*-type contact (Fig.
3.2). The voltage necessary to reach the depletion is four times lower compared to
a pn-diode of the same thickness, due to the relation W o< |/Ugep,, where W is the
width of the depletion layer and Uy, the depletion voltage.

Most SDDs consist of a low doped n™ silicon (Si) bulk with a thickness of typically
500 pm, a homogeneously boron doped p-type back contact, which represents the
radiation entrance window (EW), p*-type drift rings on the front side, a n*-type
anode and a monolithically integrated junction gate field effect transistor (JFET),
which acts as an impedance converter. By applying a negative voltage of approxi-
mately -100 V on the back contact, increasing voltages from -10 V (R1) to -100 V
(RX) on the drift rings, while setting the bulk contacts OS and IS to 0 V (Fig. 3.3),
the Si bulk gets depleted. Fig. 3.3 (on the right) shows a drawing of the potential
distribution for electrons with a maximum at RX and a minimum at the anode.
Along the blue line there is a potential gradient from RX to the anode, pushing the
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3.1. Direct detection of X-rays with a Silicon Drift Detector

Anode
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Drain — field strips |
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incident
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Figure 3.3.: Drawing of the SDD layout with the entrance window on the side of the
back contact (left Fig.); Drawing of the internal potential distribution
(brown curves) generated by voltages applied on the drift rings (R1 ~ -10
to RX ~ -100 V), back contact (about -100 V) and substrate, OS and IS,
(0 V). The inner guard ring, IGR, is needed to decouple the integrated
JEET from the SDD bulk. The potential minimum for electrons with a
negative gradient from RX to the anode is shown by the blue curve.

generated electrons in the direction of the anode. The anode is connected to the
gate of the JFET (see Fig. 3.4). Electrons reaching the anode change its potential,

Drain Gate Source
iGR Anode

Back
contact

Figure 3.4.: Zoom into the center of Fig. 3.3 illustrates the cross section of the
monolithically integrated JFET and the capacitances seen by the anode.

hence the potential of the gate by the negative electron charge: AQ = C' - AU.
Due to the fact, that the JFET is biased by applying a positive voltage of about
+9 V at the drain and a constant current between source and drain, a change of the
anode potential leads to a change of the source potential. This value of the voltage
change represents the SDD output. It is proportional to the deposited energy inside
the SDD. The SDD output is further amplified, shaped and converted into a digital
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3. Principles of hard X- and ~y-ray detection with Silicon Drift Detectors (SDDs)

channel number. The distribution of these channel numbers, plotted in a histogram
yields the overall spectrum. This is a convolution of the X-ray source spectrum with
noise contributions of the detector.

10000 ¢ T T T T 2500 T T T
F 30 mm® SDD Mn-K
1000 ¢ 2000F 1
i MnK_,
100 3 escape peaks 0 1500 -
i i 5
10L O 1000 A FWHM
1k gauss 500 L A2 Mn-KB
d fit j‘\
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Figure 3.5.: Left Fig. (logarithmic scale): Spectrum generated by the irradiation of
a SDD with a ®Fe source. The Mn-K, full energy peak is fitted by a
Gaussian function. Right Fig. (linear scale): Mn-K, and Mn-Kgs peak
and the definition of the full width at half mazimum (FWHM).

A spectrum generated by photons from a *Fe-source inside the SDD is plotted in
Fig. 3.5 with a Gaussian fit (blue curve) over the Mn-K,, full energy peak. Peaks in
the spectra are called full energy peaks, if the total X-ray energy is deposited inside
the sensitive part of the detector. The shape of a peak in a X- or v-ray spectrum
can usually be approximated by a Gaussian distribution. If n processes contributing
to the overall fluctuation are statistically independent and happen simultaneously,
the square of the overall standard deviation, o2, can be expressed by

o2 = Z o2, (3.1)
=0

where o7 is the variance of process i. The energy resolution of X- and y-ray detectors
is defined as the full width at half maximum (FWHM), which is illustrated on the
example of the Mn-K,, peak in Fig. 3.5 (on the right). The FWHM of a Gaussian
distribution is connected to o in the following way:

FWHM =235-0=2.35-

For energy dispersive solid state X-ray detectors the main contributions to the
FWHM (Eq. 3.3), is the so called Fano noise, 0pano(Eq. 3.4), caused by statistical
fluctuations in the number of eh-pairs generated after a certain energy is deposited,
and the electronic noise o.; (Eq. 3.7):

FWHMI[N,) =235 \/o%,,. + 02 (3.3)
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3.1. Direct detection of X-rays with a Silicon Drift Detector

The Fano noise contribution (see Sec. 2.1.1) is defined by

; F- 0-12:’oisson =F- NehfSDD- (34)

O Fano —

The Fano noise sets the lowest limit for the detector energy resolution (continuous
line in Fig. 3.6) assuming no electronic noise contribution. For silicon at room
temperature F = 0.115 and w = 3.65 eV [29, 32]. The electronic noise component
(Eq. 3.5) of the FWHM is described by

Ol =

2 (ENO>2 — (ENC.)? (3.5)

(&

where ENC is the equivalent noise charge, e the electron charge and ENC,; the
equivalent noise charge expressed in number of electrons. To convert the number of
eh-pairs into energy units the FWHM has to be multiplied with w, the mean energy
to create an eh-pair:

FWHM(E)[eV] = w[eV] - FWHMI[N,] (3.6)

The electronic noise (see Eq. 3.7) is composed of three terms. They describe the
contributions of the serial white noise, the "1 /f" noise of the integrated JFET and the
shot noise associated to the leakage current I; of the detector [71]. Additional noise
sources from other electronic components are neglected in the formula, respectively
hidden in the factors A;-Az. The electronic noise is given by [71]

ENC? = %Cétm% + 2ma;CF, Ay + gl Asts, (3.7)
where kp is the Boltzmann constant, T.,,, the temperature, g,, the transconductance
of the JEET, a the constant parameterizing the JFET "1 /f" noise, q the elementary
charge, tg the shaping time, A; , Ay , Az the constants depending on the filter
functions of the shaper. The first noise component, the white noise, originates from
thermal fluctuations of the number of charge carriers at the anode and cathode,
which induces a time dependent voltage difference, between the anode and cathode
[72]. The white noise decreases with increasing shaping time, due to the fact, that
the integration of this time dependent noise component over an increasing period of
time approaches a value in a decreasing range around its mean value, which is zero.
The second noise component is the 1/f noise, mainly related to trapping processes of
charge carriers [71]. This noise component is independent on the shaping time. The
third noise component, the shot noise, is generated by a current, which is described
by the net statistical flow of charge carriers between two terminals. The collected
charge after a time At is AQ = I;At. 1t is connected to the number of charge carriers
by AN = I;At/q. The standard deviation is approximated by o(AN) = VAN [72],
which increases with increasing integration time At, hence increasing shaping time,
tg.

The serial white and 1/f noise strongly depend on the total capacitance, Cyy, seen
by the detector anode (Fig. 3.4). It is a sum of the gate-source capacitance, C,_,
the gate-JFET channel capacitance, C,_., the gate-drain capacitance, C,_4, and
the capacitances between the anode and the neighboring regions, C,_;4,, C4—r1 and
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3. Principles of hard X- and ~y-ray detection with Silicon Drift Detectors (SDDs)

Ca—te [73] and other parasitic contributions (see Fig. 3.4). The parallel shot noise
is mainly determined by the value of the temperature dependent leakage current I,

13]:

3 E
I(T) o< Ten - 3.8
(1) x T (52— ). 39

where F, is the energy gap of silicon.
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Figure 3.6.: Energy resolution, FWHM, of silicon radiation detectors plotted against
photon energy for different contributions of the electronic noise. The
solid line shows the best achievable resolution, which is limited by the
Fano noise. The dashed and dash-dotted lines show the energy resolu-
tion, if the electronic noise is increased to a value of ENCy = 4 or 10
electrons.

Fig. 3.6 shows the FWHM]|eV], calculated according to Eq. 3.6, in dependence
on the incident X-ray energy, E, for two values of the electronic noise, given in units
of equivalent noise charge divided by the electron charge (ENC,). If ENC, = 0
electrons, the lower limit of the FWHM is determined by the Fano noise (Eq. 3.4),
which is the physical limit of the energy resolution. An increase of ENC,; to 4, 10
electrons leads to a relative increase of the FWHM especially at lower X-ray energies.
At low energies the electronic noise dominates the energy resolution, whereat at
higher energies it has a minor contribution.

Additionally, for very low energies only a fraction of the charges generated in
the SDD entrance window, which consists of partially sensitive layers and a doped
p layer with a high concentration of impurities, are collected at the anode. This
partial charge collection can degrade the energy resolution as well.

Methods to improve the energy resolution are the reduction of the total detector
capacitance, the leakage current and improving the 1/f perfomance of the JFET.
The SDD geometry enables a low anode capacitance independent of the detector
size and the monolithic integration of the first JFET. This reduces additionally
stray capacitances and avoids pick-up noise or microphony. The capacitance is in
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3.1. Direct detection of X-rays with a Silicon Drift Detector

the range Cy; = 120 fF to 150 {F for a circular SDD |74, 75|. For dedicated detector
designs the total capacitance can be reduced to 50 fF. The leakage current of the SDD
is decreased to a stable level down to 100 pA/cm? at room temperature, through
a new fabrication technology using polysilicone. This further improves the energy
resolution. The effect of partial charge collection, not included into the FWHM
shown in Fig. 3.6, can also be reduced by an optimized entrance window.

The charge sensitive amplifier (CSA) readout configuration in combination with
the pulsed reset operation mode ensures a nearly constant energy resolution up to a
few hundred kcps 73], independent of the count rate. The small signal capacitance
guarantees a high throughput.

The listed properties of SDDs make them to optimal detectors for X-rays with an
excellent energy resolution and high count rate capability. These advantages still
hold, if the SDD is used as a photodetector in combination with a scintillator in the
following. Before that, results of the direct detection of hard X-rays with the SDD
are presented.

3.1.2. Direct hard X- and v-ray detection
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Quantum Efficiency
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Figure 3.7.: Calculated energy dependent quantum efficiency for hard X- and ~v-rays
in a 450 (solid line) and 900 um (dashed line) thick SDD. Data of the

absorption coefficient used in the calculations are taken from [21, 76].

SDDs can be used as direct detectors in the hard X- and low 7-ray range, where
an excellent energy resolution is required. The quantum efficiency of a 450 and
900 pm thick SDD is plotted in Fig. 3.7. Below 10 keV both quantum efficiencies
are equal, with a decreasing value to low energies. The quantum efficiency (QE)
decreases, because an increasing number of X-ray photons is absorbed inside the
partially sensitive layers of the entrance window. Doubling the SDD thickness leads
to a QE > 0.6 for energies up to 20 keV. At E = 60 keV the quantum efficiency
is still 0.065. The probability of Compton scattering in Si becomes dominant for
energies larger than 50 keV (Fig. 2.1 on the left).
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Spectra, which have been measured during irradiation of a 450 ym SDD with *"Co
and ?*! Am sources are shown in Fig. 3.8. The measured values of the relative energy
resolution, R = FWHM/E are R(24.9 keV) = 1.1 % and R(59.5 keV) = 0.67 %. The
energy resolutions of SDDs belong also in the hard X- and v-ray range to the best
measured values. The relative energy resolution decreases with increasing photon
energy. The quantum efficiencies at these energies are QE(24.9 keV) = 0.2 (0.36
for the 900 pm thick SDD) and QE(59.5 keV) = 0.033 (0.065 for the 900 pm thick
SDD).
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Figure 3.8.: Spectrum of ' Cd (21.99, 22.16, 24.91, 24.94 and 25.1 keV) and **' Am
(59.5 keV) measured with a SDD, having an active area of 30 mm?, at
- 20°C and a shaping time of 1 us.

The energy resolution values of a SDD coupled to CsI(Tl) (diameter 5 mm and
thickness 10 mm) are R(22.1 keV) =~ 6 % and R(59.5 keV) =~ 10 % and to LaBr;(Ce)
(diameter 5 mm and thickness 10 mm) R(22.1 keV) &~ 10 % and R(59.5 keV) ~ 18 %.

3.2. Indirect detection of X- and v-rays with a
SDD coupled to a scintillator

The principles of y-ray detectors consisting of a scintillator coupled to a SDD are
illustrated in (Fig. 3.9). The energy of incident y-rays is partially or fully converted
into scintillation photons, depending on the type of interaction of the v-rays with
the scintillator. The mean number of generated scintillation photons, Nph, depends
on the scintillator light yield, L, and the magnitude of the deposited energy. The
photons propagate isotropically into all directions from the generation point. All
sides and faces of the scintillator but one are covered by a reflector (Fig. 3.9). The
face with no reflector is in contact with the optical coupler and the photodetector
(Fig. 3.9). The scintillation photons are reflected or transmitted on the scintillator
interfaces, reflected or absorbed on the reflector surface until being absorbed inside
the scintillator or reaching the SDD entrance window (Fig. 3.9). There the photons
are reflected, absorbed or transmitted into the SDD. The entrance window of the
SDD should be optimized, to ensure a high transmission probability for incident
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Figure 3.9.: Drawing of a vy-detector consisting of a scintillator coupled to a Sili-
con Drift Detector (SDD) with the illustration of the conversion of the
deposited energy into a number of electron hole pairs.

scintillation photons. After the absorption inside the SDD, eh-pairs are generated.
The electrons are collected at the SDD anode and the amount of collected charges is
converted into a voltage pulse and further processed by the electronics. The mean
number of collected electrons is an indicator for the amount of deposited energy

inside the detector: L _

where 7 is the mean system quantum efficiency for scintillation light. 7 is composed
of the transfer efficiency of photons into the SDD times the conversion efficiency
into eh-pairs times the collection efficiency of the generated electrons at the anode.
Fig. 3.10 shows spectra measured with a detector consisting of a SDD -+ LaBrs(Ce)
(blue) or SDD + CsI(TI) (green) during irradiation with a 3”Cs source, which emits
~-rays with an energy of E = 662 keV. The scintillators are cylindrically shaped with
a diameter of approximately 5 mm and a thickness of 10 mm. The relative energy
resolution, R = FWHM/E, of the photo peak at E = 662 keV is about 3 % for SDD
+ LaBr3(Ce) and 4.5 % for SDD + CsI(T1). The energy resolution of the SDD -+
LaBrs(Ce) detector is better at 662 keV compared to the SDD + CsI(Tl) detec-
tor, because of different energy dependent non-proportionality contributions to the
energy resolutions of the two scintillators, LaBrs(Ce) and CsI(Tl) (see Chap. 6).
The quantum efficiency of an SDD at 662 keV is lower than 1%, so that it is
almost transparent and not suitable as detector material for such high energies.
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3. Principles of hard X- and ~y-ray detection with Silicon Drift Detectors (SDDs)

Figure 3.10.: Spectra measured with a SDD with an active area of 30 mm
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4. The relevant contributions to
the energy resolution

Inside X- or ~-ray detectors the deposited energy is converted by several processes
into an output signal (compare Fig. 3.9). These processes are of statistical nature
and can happen simultaneously or after each other, forming a cascade. Furthermore,
in some cases processes have to be taken into account, which are of composite nature.
This means for example that the mean probability p; for a process to occur can
change from one event to another. The magnitude and resolution of the output
signal are described by the mean value and variance of the overall process. The
statistical background for its calculation is presented in App. B.

4.1. Derivation of the formula for the relative
energy resolution

Based on the general considerations outlined in App. B a formula for the energy
resolution will be derived in this section. The mean number of signal electrons,

C g Q n

E — Neh —Nemrons_ Nph _Ne

Figure 4.1.: Scheme of the conversion of the deposited energy, E, into signal elec-
trons, N., at the SDD anode, with the efficiencies C, S, Q) and 7.

N, reaching the SDD anode (Fig. 4.1), after an interaction, j, of a y-ray with the
scintillator and the deposited energy, E, can be described by the formula

Neaj = Eﬁjgjéjﬁj = Neh,jgj@jﬁju (4.1)

where 6]- = 1/Wseint,; 1s the conversion efficiency of the deposited energy into eh-
pairs, Neh,j, inside the scintillator. Inserting Eq. 2.22 into 3.9 results into Eq. 4.1.
In the following, the two processes, the transfer of thermalized electrons and holes
to luminescence centers with the efficiency, gj, and the radiative recombination
of eh-pairs, Neh_irans, at the excited luminescence centers with the efficiency, @j,
are summarized to one process with the efficiency Tj = Ej @] It describes the
conversion of eh-pairs into scintillation photons, Nph. In the new notation Eq. 4.1
changes to

Nej= Nen;T7;. (4.2)

The overall process leading to the generation of signal electrons and their collection
at the SDD anode is denoted as G, which is sub-divided into three processes: the
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4. The relevant contributions to the energy resolution

conversion of the deposited energy into eh-pairs, the conversion of eh-pairs into
scintillation photons and the conversion of scintillation photons into signal electrons.
These processes are denoted as A, B and D.

The probability distribution of N, is approximated in semiconductors by a Gaus-
sian distribution, which has a mean value of N, and a variance of Var(N.,) =
F - Ng,. F is the Fano factor of the semiconductor material (compare Sec. 3.1).
The relative variance is v(N,,) = F/N.,. We are adapting this approximation also
for materials with a larger band gap, such as scintillators, where F.;,,; is the Fano
factor of the scintillator. A second approximation is made by assuming that the
processes denoted by A, B and D are statistically independent. All three processes
happen after each other, forming a cascade. Furthermore, the mean values Tj and
7, change frequently from one event, j, to another, because the processes denoted as
B and D consist of several competing processes. Process B can be described by an
energy dependent conversion efficiency, T(E), of eh-pairs into scintillation photons,
(Sec. 4.2), which results in an energy dependent light yield L(E) (Eq. 2.23). Due to
the fact, that L(E) # constant, the light yield is said to be "non-proportional". The
efficiency, 7);, of process D depends on the position, where the scintillation photons
are generated inside the scintillator (Sec. 4.3). This changes from one event, j, to
another, because the source emits v-ray photons into a certain solid angle, which
interact in a certain depth range. The relative variance of the overall process can
be determined in analogy to Eq. B.28 and B.29 with the result

U(Ne) = U(Neh) - Nih + U(T : 77) (1 + U(Neh) - Nlh) + N iTﬁ (43)

The relative variance, v(T - 1), of the product of the efficiencies T" and 7 can be
written as

o(T-n) = o(T) +v(n) +o(T) - v(n) (4.4)
[77]. Inserting Eq. 4.4 into 4.3 yields

v(Ne)

= v(Nep) — %@h + (v(T) +v(n) +v(T) - v(n)) <1 + v(Nep) — Nleh) + NeiTﬁ

(4.5)

The relative variance, v(N.y), is the Fano noise contribution of the scintillator

Fscin
v(Nep) = ~ L. (4.6)
eh

Fseint 18 the Fano factor of the scintillator. v(N,y,) is replaced by the right hand side
of Eq. 4.6 in the following. The relative variance of the signal electrons specified in
Eq. 4.5 can be approximated by

Fscin 1 1
v(N,) ~ ~ t—_N—+v(T)+v(77) YT
eh eh eh
_ (4.7)
Fscint 1- Tﬂ
= 2 4 o(T) +v(n) + —=—,
e o(T) o) + o
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4.1. Derivation of the formula for the relative energy resolution

where N, = N, T77. The terms resulting from the multiplication of two or more
relative variances, including the term 1/N.,, which is the definition of the relative
Poisson variance, are neglected. The value of v(T"), which is determined in Chap. 6
is the largest compared to the other contributions in Eq. 4.7. For vy-energies around
E = 10 keV v(T) has a value of about 0.007. v(T)? can be neglected compared to
o(T).

The relative variance of signal electrons in Eq. 4.7 is composed of four terms,
which could be interpreted in the following way: The first term is the relative
variance of the Fano noise contribution, Fj.,; /Neh, originating from the conversion
process of the deposited y-energy inside the scintillator into eh-pairs. v(7T), is the
relative variance, originating from the conversion process of generated electron hole
pairs into scintillation photons. wv(n) is the relative variance, originating from the
transfer process of scintillation photons into the SDD, the conversion into electron
hole pairs and the collection of signal electrons at the anode. The last term can be
interpreted as the relative variance of the number of signal electrons, which is given
by the variance of a binomial probability distribution with the conversion efficiency,
T -7, of the generated electrons and holes inside the scintillator into signal electrons
inside the SDD.

Breitenberger derived the following formula for the relative signal variance for a
detector consisting of a scintillator coupled to a photomultiplier (PMT) [78]:

IR S vy L 1+ v(M)
Vo) = 00) = 5=+ ola) (1 0(V) = = )+ »
%U(Nh)—_i—i—v(n)#—w ‘

P Nph Nphﬁ '

Ne as is the number of electrons after the multiplication process inside the PMT.
v(M) considers the relative variance of the PMT gain, M. In a detector consisting
of a scintillator coupled to a SDD, with an SDD gain of 1, the gain variation is
negligible. Breitenberger has not included statistical processes contributing to the
generation of scintillation photons, N, into the derivation of formula 4.8.

The contribution of the electronic noise to the variance of the number of signal
electrons, calculated by Eq. 4.7, has not been included yet. The process for the
generation of signal electrons inside the SDD can be described by two main processes.
One process generates signal electrons, due to electronic noise sources. The other
process generates signal electrons, due to the conversion of photons into electron hole
pairs and the collection of the electrons at the SDD anode. Both processes occur
simultaneously and are assumed to be independent of each other. The variance
including the electronic noise can be calculated by (comp. Sec. B.1.1)

Var(Ne_e) = Var(N.) + Var(Ng). (4.9)

The total "relative" variance, V., including the electronic noise, is defined by

Var(Ne_. Var(N.) + Var(N, ENC?
Vo — ar(_2 ) _ Var( )_2 ar(Ne) _ o(N,) + ENCa (4.10)
Ne Ne Ne

In this definition the relative variance of the signal electrons, including the electronic
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4. The relevant contributions to the energy resolution

noise, is

Fscmt 1 _Tﬁ ENCQZ
Vit % —— +o(T) +v(n) + — + —=<. 4.11
tot N, (T) (n) N, NQ ( )

e

The pulse height distribution of the detector output signal is usually approximated
by a Gaussian distribution (comp. Sec. 3.1) with the relative energy resolution de-
fined as the relative full width at half maximum of a Gaussian peak, R = FWHM,..; =
2.35v/Vior. The total energy resolution of the y-detector system, SDD coupled to a
scintillator, can be expressed as

Ficin 1-Ty ENC?
Rz2.35\/_ L o(T) + o) + ] 4 e (4.12)

Nen N N

e

Eq. 4.12 shows that the energy resolution can be improved, if the following criteria
are fulfilled:

1. a low electronic noise ENC,;

2. scintillators, which produce a high number of eh-pairs, N, and scintillation
photons, N,

3. a high transfer efficiency, T, and system quantum efficiency, 7, for scintillation
photons

4. scintillators with a small non-proportionality contribution, v(7)
5. a low contribution of the light collection non-uniformity, v(n)

In literature the contributions to the relative energy resolution in the v-ray range
are generally expressed by R; = 2.35,/v;. In this notation Eq. 4.12 has the form:

R2 - R%anofScint + R% + R127 + R2B'mo + Rgl‘ (413)

In literature the Fano noise of the scintillator is generally not investigated and
instead of the binomial variance, the Poisson variance is usually used to describe
the statistical fluctuation of the number of signal charge carriers (see e.g. [48, 14]).
This approximation cannot be applied to modern scintillation detectors, due to a
large conversion efficiency of electrons and holes inside the scintillator into signal
electrons inside the photodetector. In literature the energy resolution is usually
expressed by

R* =R} + R+ R, + R, (4.14)
where Rya = 2.354/1/N,.

Contributions to the magnitude of Ry are originating from the transfer process, S,
of the energy of thermalized electrons and holes to the luminescence centers and the
process of radiative relaxation of the luminescence centers, Q. Additionally inhomo-
geneity in the doping concentration of luminescence centers inside the scintillator
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4.2. Scintillator non-proportional light yield

can lead to a further variation in the number of generated scintillation photons from
one event to another. This could increase the value of Ry furthermore. The doping
concentration in small scintillators, which are investigated in this work, are to a high
degree homogeneous. In these scintillators the local light yield variation is about
+0.25% [79], so that the noise contribution, due to inhomogeneity of the doping
concentration, can be neglected.

Contributions to R, are originating from the variance of 7, which is determined by
the collection efficiency, K, of scintillation photons at the SDD entrance window, the
transfer efficiency, T,,,, of the scintillation photons through the SDD entrance win-
dow, the absorption efficiency, A,,, inside the sensitive SDD volume, the conversion
efficiency of scintillation photons into eh-pairs inside the SDD, which is Cspp = 1,
and the charge collection efficiency, CC'E, of signal electrons at the SDD anode:

§=T T4, -OCE =K -OF (4.15)

where QF the mean quantum efficiency of the SDD for the scintillation light.
In order to get an imagination of the magnitude of the different noise contribu-
tions, in Fig. 4.2 the energy resolution

R= \/R%‘ano—SCint + RQBino + Rzl (416)

is plotted against the deposited energy inside the scintillator for three electronic noise
values: ENC,, = 0 (black solid line), ENC,; = 8 (blue dotted line) and ENC,; = 40
(blue dashed line) electrons. The Fano factor of the scintillator is set to Fyein =
0.28 and the light yield to a constant value of L = 65 photons/keV for all energies.
The red solid line shows the value of R (Eq. 4.16) for Fge,e = 1. The contribu-
tion of the electronic noise, Re;, with an equivalent noise charge of ENC, = 40
electrons becomes important for energies E < 100 keV. The contribution of Re; for
ENC, = 8 can be neglected for energies E > 100 keV and has a small contribution
for E < 100 keV.

In Fig. 4.2 the difference in the energy resolution is recognizable for the two values
of the Fano factor, Fgun: = 1 (red line) or Fgepne = 0.28 (black line). The energy
resolution improves with a decreasing Fano factor of the scintillator.

In this work we put our focus on the investigation of the light yield non-proportionality
contribution, Ry, and the contribution R, originating from the light transfer into
the SDD, eh-pair generation inside the SDD and signal electrons collection at the
SDD anode with the overall associated efficiency 7.

4.2. Scintillator non-proportional light yield

In the following section the physical reasons leading to the statistical variance, v(T'),
of T will be explained. In the year 1961 it has been pointed out that the un-
known contribution to the energy resolution of Nal(Tl) can be attributed to the
non-proportional light yield of Nal(T1) [80, 81]. It has been calculated that the non-
proportional light yield of Nal(Tl) leads to a broadening of the energy resolution
[80, 81].

After an interaction of a y-photon with an atom of the scintillator via photo effect,
an electron is ejected from an inner shell, so that the atom remains in an excited

39



4. The relevant contributions to the energy resolution
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Figure 4.2.: Energy reiolution R described by Eq. 4.16 with the parameters Wgein: =
13.3 eV, L = 65 photons/keV for all energies and 7 = 0.8 of CsI(TI)
(comp. Sec. 2.2 and Sec. 6.2.2).

state. The atom relaxes by filling the hole with electrons from upper shells, produc-
ing fluorescence photons and Auger electrons. After a Compton interaction a bound
electron is ejected into a free state and the Compton scattered photon escapes the
scintillator or interacts again via photo effect or Compton scattering. The gener-
ated Compton, photo and Auger electrons lose their energy by generating secondary
electrons through ionization scattering and bremsstrahlung. Considering mono en-
ergetic v-rays with an energy E, which is fully deposited inside the scintillator, the
number, M;, and the energy distribution among the generated Compton, photo and
Auger electrons differs for each event, j, due to the fact, that Compton, photo and
Auger processes occur with certain probabilities inside the scintillator.

In order to calculate the mean number of generated scintillation photons, thﬁj,
after a y-event j, the number of photons generated by Compton, photo and Auger
electrons have to be summed up. Therefore, the energy dependent mean light yield
for electrons is

_ N T
L(B) == = =

E e wscint

(4.17)

where E. is the electron energy, which has to be known.

The light yield of electrons can be measured by the so called Compton Coincidence
Technique (CCT). The coincidence technique measures only the pulse height of the
energy deposited by electrons, which are produced by ~-rays that are Compton
scattered through a specific angle inside the scintillator and measured in coinci-
dence with the Compton scattered photon, which is detected by a high resolution
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Figure 4.3.: Measured normalized light yield of Nal(Tl) (circles) and LSO (squares)
for electrons [82]. In addition one possibility of how the deposited en-
erqy inside the scintillator can be distributed among photo and Auger
electrons.

Germanium detector [83].

Fig. 4.3 shows the normalized mean light yield, L./c, for electrons in Nal(T1)
and LSO [82]. The non-proportional behavior, which means L./c # constant, is
clearly visible. The normalized light yield of both scintillators rises from low elec-
tron energies up to an energy of 10 keV. It decreases for Nal(T1) for increasing
electron energies from 10 keV to 450 keV, which is characteristic for alkali halide
scintillators, whereas for LSO it increases further in that range and saturates, which
is characteristic for non-alkali halide scintillators.

The energy dependence of the light yield can be explained as follows. The decrease
of the light yield from 10 keV to lower electron energies in Nal(Tl) is due to an
increase of the deposited energy density, which originates from the increase of the
differential energy loss, -dE/dx, with decreasing particle energies (see Sec. 2.1.1).
An increase of the deposited energy density leads to an increasing density of eh-
pairs, which again leads to a reduction of the radiative recombination efficiency, due
to an Auger-like quenching [84, 52, 53, 54]. In such a case the scintillation photon
generated by the recombination of an eh-pair excites an exciton and separates the
electron from the hole. For these electrons, there is again a certain probability
to recombine non-radiatively. This circumstance increases the probability of non-
radiative recombination.

The decrease of the light yield from 100 keV to higher energies occurs, due to a
reduction of the density of the generated electrons and holes. A lower density is
equivalent to a larger distance of electrons and holes, which reduces their recombi-
nation probability, due to Coulomb attraction 85, 86|, especially if the electron and
hole mobilities are low (cm?/Vs) and have a larger difference. Different mobilities
of electrons and holes cause a separation of the electrons from the holes to a cer-
tain fraction, due to the diffusion of electrons and holes from the track, where they
have been generated, with different velocities [54, 87]. Low mobilities increase the
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4. The relevant contributions to the energy resolution

probability that electrons and holes do not find each other to recombine radiatively.
The mobilities (1 o< 1/m* where p is the mobility and m* the effective mass) of
electrons and holes have a larger difference in alkali halide, than in non-alkali halide
scintillators [52], so that the decrease of the light yield at low ionization densities is
more pronounced in alkali halide scintillators.

A short example should illustrate the distribution of the deposited energy among
photo, Compton and Auger electrons. A ~7-photon with an energy of 100 keV
can interact via photo effect with Nal by ejecting an electron from the K-shell
of the Todine atom. This photo electron has the kinetik energy Eg;,1 = 100 keV-
Ey(Ix) = 66.8 keV (Light yield of the first photo electron is denoted as 1 in Fig.
4.3), where E;(Ix) = 33.2 keV is the binding energy of the K-shell electron. The hole
created in the Iodine K-shell can be filled by an electron from the L-shell, generat-
ing a fluorescence photon with an energy of 32.3 keV. This fluorescence photon can
generate a second photo electron by ejecting an electron from the L-shell of another
Iodine atom. The second photo electron has the kinetic energy Egino = 32.3 keV-
Ey(I) = 27.2 keV (Light yield of the second photo electron is denoted as 2 in Fig.
4.3), with Ey(I) = 5.1 keV. The remaining holes in the L-shells of both atoms can
be filled with electrons from upper shells. This process can lead to the generation
of four Auger electrons (Light yields of the four Auger electrons are denoted as 3,
4,5 and 6 in Fig. 4.3). The energy deposited by the ~-ray is distributed among 6
electrons in this example. In a second energy deposition the described interaction
can occur with a Natrium atom, which has different K- and L-shell binding energies
compared to the Iodine atom, so that the energy distribution of the generated elec-
trons will differ, just as the number of scintillation photons, if the mean light yield
L. of the generated electrons depends on their energy.

The mean number of scintillation photons, thﬁj, determined by the energy de-
pendent non-proportional mean light yield for electrons, L.(E.) (Fig. 4.3), and the
energy distribution among the Compton, photo and Auger electrons with a total en-
ergy E, deposited by a v-ray inside the scintillator in the event j, can be calculated
by

ph] ZEezL ZEez j— ZNehZ e ez :Neth. (418)

Wseint

M; is the number of generated Compton, photo and Auger electrons generated by
the j-th y—ray interaction and E.; is the energy of the i-th electron. The mean
number of generated scintillation photons N, is

Nph = Z;n:1 NphJ = Z;nzl Neh . Tj = Neh—zgn:1 Tj

m m m

= N T (4.19)

where m is the number of mono energetic v-rays. The relative variance of Nphyj can
be calculated by

" (N — Nop)? N(T, - T n (T, -T2
O(Nphj) = 2y — f_Z N _2> _Z (_2 ) = o(T}).
m.Nph m - (Neh T) mT

(4.20)
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4.2. Scintillator non-proportional light yield

If the light yield would not depend on the energy, Eq. 4.18 changes to

M;
Nphj = ZEHL = L. ZEe,z' =Ny, (4.21)
i=1

where v(Np ;) = v(T;) = 0.

The energy dependent light yield, L.(E,) = T¢(E,)/Wseint, for electrons in combi-
nation with the variation of the number and energy distribution of Compton, photo
and Auger electrons, leads to a frequently changing mean conversion efficiency, T';
(Eq. 4.18), and to a contribution to v(T"). This contribution to v(T) is investigated
for LaBrs(Ce) and CsI(Tl) in Subsec. 6.1.1 and 6.2.1 respectively. Furthermore,
the energy dependent light yield, L.(E,), for electrons leads to an energy dependent
light yield, L(E), for y—rays, which is also investigated for LaBrs(Ce) and CsI(TI)
in Subsec. 6.1.1 and 6.2.1 respectively.

In Fig. 4.4 the normalized light yield, L,,, of NaI(Tl) is plotted against the incident
y-energy. L, is defined as

L, = = = (4.22)

E-c mscint -E-c wscint - C

o |

N, NuT ET T
S

where c is the normalization constant. c is set to a value, so that L,(E) = 1 for
incident ~-rays with an energy of E = 662 keV. A proportional light yield would
be a constant, if plotted against E. This is not the case as shown in Fig. 4.4. L,
increases from low y-energies to 20 keV, has two maxima in the energy range between
10 and 60 keV and decreases again towards higher energies. The minimum around
33 keV occurs, due to the K-absorption edge of lodine. For v-energies above this
edge, there is the probability to generate a photo electron from the K-shell. Before
and after the edge the deposited energy inside the Nal(T1) scintillator is distributed
among a different set of electrons with different energies. The decrease of the light
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Figure 4.4.: Normalized light yield of Nal(Tl) for incident vy-rays taken from [80]

yield from 20 keV to lower v-energies is due to an increase of the ionization density
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4. The relevant contributions to the energy resolution

in combination with the low mobilities of electrons and holes. The decrease of L,
above 50 keV is due to a decreasing ionization density in combination with a low
mobility of electrons and holes and a larger difference between their value [54, 87].

The calculations in Eq. 4.18 - 4.21 are only taking the mean value of the electron
light yield, L.(E,), into account. The variation of L. ;(E,), which results also from
the variation of Te’j(Ee) from one event, j, to another for a certain electron energy,
E., has been neglected so far. Taking its variation into account does not change the
mean values N, ; and N, but increases the relative variance v(Npy ;) = v(T}).

A contribution to the variance v(7T.(FE.)) originates also from the energy depen-
dence of its mean value T\, (E,). Each of the electrons resulting from Compton, photo
and Auger effect loses its energy by ionization. The ionization density is propor-
tional to the deposited energy per track length -dE/dx, which can be parameterized
by the Bethe formula presented in Sec. 2.1.1. -dE/dx depends on the electron
energy, hence on its path through the scintillator. Fluctuations in the ionization
density (Landau fluctuations) in combination with the energy dependent light yield
for electrons lead to a degradation of the energy resolution [49] by increasing the
value of v(T,).

4.3. Light and charge collection in the system
SDD -+ scintillator

Besides the contribution of a non-proportional light yield of the scintillator to the
energy resolution, it depends also on the transfer of scintillation photons into the
SDD and the charge collection of the generated signal electrons inside the SDD. Op-
tical properties of the scintillator, reflector and SDD entrance window determine the
detection efficiency of scintillation photons. Important parameters are the refraction
index, n, and the absorption coefficient for scintillation light, a. Moreover the shape
and surface roughness of the scintillator, the reflectivity and surface roughness of the
reflector, the coupling between scintillator and SDD, the quantum efficiency, QE, of
the SDD entrance window and the charge collection efficiency, CCE, inside the SDD
determine the system quantum efficiency, n, for scintillation photons and alter the
energy resolution. The mean number of signal electrons reaching the anode inside
the SDD is given by

N.=Np-K-To-Ay COE = Npp - K-QFE = Nop -7, (4.23)

where K is the transfer efficiency of the scintillation photons to the SDD entrance
window and T, the transmission efficiency through the SDD entrance window,
A,, the absorption efficiency of scintillation photons inside the SDD and CCE the
collection efficiency of signal electrons at the SDD anode. K, T.,, and A, depend on
the parameters n and . In addition K is also determined by the surface roughness of
the scintillator, the absorption length of scintillation photons inside the scintillator,
the reflectivity and reflector type of the reflector.

1 depends also on the position, where the deposited energy is converted into scin-
tillation photons inside the scintillator. The system quantum efficiency, n, varies
with the position, where the scintillation photons are generated inside the scintilla-
tor. This is illustrated in Fig. 4.5. It shows a -detector, consisting of a scintillator
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4.3. Light and charge collection in the system SDD -+ scintillator

coupled to a SDD. Let us assume two ~-events, which generate the same number
of scintillation photons at different positions inside the scintillator. The number of
signal electrons, N, is varying, due to the fact, that the photons generated at these
two positions have to cover different distances and undergo a different number of
reflections under different angles with a certain probability of being absorbed inside
the scintillator (o > 0) or lost, due to imperfect reflectors with a reflectivity < 1, be-
fore being absorbed inside the SDD. A high quantum efficiency of the SDD entrance

scintillation
photons

Nph1(x1,y1,z1) = Nph§x2,y2,22)
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Reﬂ< 1 \ 9
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Figure 4.5.: Light collection non-uniformity in the system scintillator coupled to a
SDD, caused by different distances, which scintillation photons have to
cover before being absorbed inside the SDD; The quantum efficiency of
the system n depends on the generation point, the absorption coefficient
of the scintillator o, the reflectivity, Repi, of the reflector, the quantum
efficiency, QF, of the SDD entrance window and the charge collection
efficiency, CCE, of the electrons at the SDD anode.

window for the scintillation photons, guaranteed by an appropriate anti reflection
coating (ARC), reduces the number of reflected photons back into the scintillator,
thus reducing the probability of being absorbed outside of the SDD or escaping the
system. A radioactive source emits y-rays into a certain solid angle and the absorp-
tion depth of a y-ray inside the scintillator follows the exponential absorption law, so
that the position, where mono energetic y-rays interact with the scintillator differs
for each event. This leads to a variation of the mean system quantum efficiency, 7,
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from event to event, hence to an increase of the variance of the number of generated
signal electrons and to a degradation of the energy resolution. The values of R,,
RBino and Re; depend on the system quantum efficiency for scintillation photons, 7.

There have been a few publications in which the contribution of the light collection
efficiency in y-detectors, consisting of scintillators coupled to PMTs, on the resulting
pulse height spectra have been investigated [88, 89, 90, 91]. Analytical calculations
of the contribution of the light collection non-uniformity onto the energy resolution
are presented in [92] for CsI(T1) and CsI(Na), but without taking the PMT entrance
window into account. Analytical calculations of complex detector systems can only
be performed with a lot of approximations. Monte Carlo simulations can overcome
these difficulties, because the detector can be modeled more precisely.

The influence of the efficiencies T,,, Ay, and CCE onto the QF of the SDD is
investigated in Chap. 5. Additionally, in Subsec. 6.1.2 and 6.2.2 of this work, the
effect of the collection efficiency of scintillation photons inside the SDD -+ scintilla-
tor system and the influence of the system quantum efficiency, n, onto the energy
resolution contributions, given by R, and Rp;y, will be analyzed. Results from inves-
tigations of cubical (4 x 4 mm?) and cylindrical (2 = 4.5 mm) CsI(TI) scintillators
with three different thicknesses (5 mm, 10 mm and 20 mm), and one cylindrical
(@ = 5) LaBr3(Ce) scintillator with a thickness of 10 mm coupled to a SDD, will
be presented.
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Silicon Drift Detectors

The quantum efficiency of a SDD is a measure of the detector efficiency with regard
to the transmission efficiency, T.,,, of photons through the partially sensitive detector
parts, the so called dead layers (DL) of the entrance window (EW), the absorption
efficiency, A,,, of incident photons inside the sensitive volume of the detector, the
conversion efficiency, G, of the deposited energy into eh-pairs inside the SDD and
the charge collection efficiency, CCE, of the generated electrons at the anode.

In the system SDD + scintillator the detector efficiency is determined additionally
by the absorption efficiency, A, of v-rays inside the scintillator, the conversion ef-
ficiency, C, of the deposited energy by v-rays inside the scintillator into eh-pairs, the
conversion efficiency, T, of the eh-pairs into scintillation photons and the collection
efficiency K of scintillation photons at the SDD entrance window. The efficien-
cies T, Ay, and CCE are properties of the SDD and determine its QE. The so
called system quantum efficiency, n (comp. Sec. 4.1), for scintillation photons is
determined by the parameters K, T,,, Ay, G and CCE:

n=K-QF (5.1)
where
QE=1T,, A, -G-CCFE. (5.2)
T.. A, G CCE
Nph T Nph,T ] Nph,T,A ] Neh—SDD Ne

Figure 5.1.: Scheme of the conversion of incident photons, Ny, into signal electrons,
N,, with an overall efficiency, consisting of the efficiencies K, Te,,, Agy,
G and CCE. Ny 1 is the number of transmitted photons, Ny, 1.4 ts the
number of transmitted and absorbed photons and N.,_spp is the number
of generated eh-pairs inside the SDD.

In this chapter we are comparing the measured and calculated QEs of SDDs in
the X-, v-ray and near UV-Vis range.
The quantum efficiency can be defined through
Ne

QB(E) = 5 (53)

where N, is the number and E the energy of the incident photons (Fig 5.1). In
this definition also partial events, where only a fraction of the photon energy is
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5. The quantum efficiency of Silicon Drift Detectors

deposited inside the sensitive volume, contribute to the quantum efficiency. For X-
or vy-rays the conversion efficiency of photons with an energy E can be described
by G(E) = E/w, where w is the mean energy to create an eh-pair. In the UV-Vis
range 300 - 800 nm one photon generates one eh-pair, G = 1 (see Sec. 2.1.2). The
definition of the QE in Eq. 5.3 is usually used, if the QE is determined from the
value of the measured current, I, between cathode and anode, which is generated by
an incident photon flux of the power P = AN, E/At, where At is the time unit in
seconds.

In this work the QE is determined from the value of the measured current, I =
AN, - e/At, where e is the electron charge.

5.1. Entrance window

For X-ray detection various SDD entrance windows have been developed. In this
section only the pn-Window, which consists of a SiO,- and Al-layer on top of the
p-layer will be discussed. The pn-Window allows a good energy resolution for low
X-ray energies down to several 100 eV and a high peak to background and peak to
valley ratio [9].

For the detection of near UV-Vis photons antireflection coatings (ARC) have been
developed. The ARCs consist of SiO, and SizNy layers on top of the p-layer. The
QE can be tuned by changing the layer thicknesses of SiO5 and SigNy.

Decreasing the thickness and increasing the quality of the p-layer also leads to a
better charge collection efficiency and higher quantum efficiency.

The interface SiOs-p-layer or Al-p-layer and the p-layer itself exhibit a reduced
mobility and lifetime for charge carriers compared to the n~-type Si substrate. In-
terfaces are often a source of an increased number of defects, if the lattice structures
of the two materials are not similar. Furthermore, the p-doping with Boron is done
by ion implantation. Although the Si sample is annealed afterwards, this technique
generates additional defects inside the doped layer. Defects and interface states act
as trapping centers for electrons [93].

After the generation of eh-pairs by photons, the probability of signal electrons,
which are generated close to the interface, to reach the anode is less than 1. The
reduction of signal electrons is evaluated by the so-called charge collection efficiency
(CCE). Fig. 5.2 illustrates the configuration of the entrance window (EW). Charge
carriers generated in different depths inside the p*-layer are collected at the anode
or cathode with different efficiencies described by a depth dependent CCE(z). The
CCE has been set to 0 inside the insensitive part (DL) of the EW. This applies
for near UV-Vis photons, because the energy of the generated charge carriers inside
the DL does not suffice to penetrate into the p-layer. Incident X- or v-ray photons
can generate fluorescence photons or hot electrons inside the DL, which have a
certain probability to reach the p-layer or Si bulk, where they can generate charge
carriers. There is also the possibility that fluorescence photons generated inside
the p-layer escape the sensitive volume. In both cases only a part of the incident
photon energy is deposited inside the sensitive part of the SDD, so that the number
of generated charge carriers is lower compared to their number, if the full photon
energy is deposited inside the sensitive detector volume. The contribution of this so
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Figure 5.2.: Generation of eh-pairs inside the SDD, after the absorption of photons
in different regions of the entrance window (EW), consisting of partially
sensitive dead layers (DL), the p-layer and the n~-silicon bulk. The
charge collection efficiency, CCE(z), depends on the depth, z, at which
the charge carriers have been generated. Inside the DL the CCE is set to
0. Events with partial energy deposition in the X-ray range are neglected
and not illustrated.

called "partial events" is neglected in the calculation of the QE in this work.

In [94] the depth dependent CCE has been firstly described by an exponential
function with an increasing CCE for larger distances, z, from the dead layers of the
EW (Fig. 5.2). In this work we use the following expression for the CCE(z):

CCE(z)=1—q- efﬂp(—é), (5.4)

where ¢ is the amount of charges trapped at the dead layer and p-layer interface
at z = 0, 7 the distance at which the CCE has increased from CCE(0) = 1 - q to
CCE(7) =1 - g/e. ¢ is Euler’s number.

Fig. 5.3 shows the CCE(z) functions of the pn-Window (red) and the ARC-
Window (brown), which have been determined from QE measurements in the near
UV-Vis range presented in Sec. 5.5. The values of the parameters in the CCE(z)
function are q = 0.04 and 7 = 30 nm for the pn-Window and q = 0.23 and 7 = 65 nm
for the ARC-Window. The difference in the CCE originates from the Boron implan-
tation through oxide layers with different thicknesses. The implantation through a
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Figure 5.3.: CCE function determined for the pn-Window (red) and the ARC-
Window (brown) (comp. Sec. 5.5.1).

thinner oxide layer leads to a deeper implantation depth and to a better robustness
of the window (e.g. for the coupling with the scintillator) but also to a higher defect
density within the p-layer, if the ion dose and ion energy remain constant.

5.2. Derivation of the formula for the quantum
efficiency

The number of transmitted photons, Ny (E,z), through a medium of thickness z can
be described by Lambert-Beers law

z
Nr(E,z) = N, - 5.5
where Ny is the number of incident photons and [(E) the absorption length of pho-
tons in the considered media. The number of absorbed photons, N4(E,z), can be
calculated as follows

Nu(E,z) = Ny — Np(E, 2) = N, (1 — exp (—@)) . (5.6)

The ratio of absorbed to incident photons dN4(F, z) /Ny in the range [z,z-+dz] follows

from
dA(E, z) = dNA]Ef’Z) = l(lE)exp <—ﬁ> dz. (5.7)

Equation 5.7 can also be interpreted as the probability, P(E,z), for an individual
photon to be absorbed in a depth range |z,z-+dz|.

Due to the fact, that the CCE(z) depends on the depth, z, inside the SDD, where
electrons and holes have been generated, the number of signal electrons, dN.(E,z),
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5.3. Setup for photocurrent measurements

originating from a certain depth range |z,z4dz|, can be calculated by
AN (E,z) = NpypTew(E,0; = 0°)dAs, (E, 2)G(E)CCE(2). (5.8)

where 6; is the angle of the incident photons relative to the detector surface normal
and dAg,(E,z) the energy dependent ratio of absorbed photons inside the sensitive
detector volume in the depth range [z,z4+dz|. The total number of detected signal
electrons results from the integration over the sensitive volume thickness, d, of the
SDD:

d d
N(E) = / AN.(E, 2) = NyyTow(E, 0; = 0°)G(E) / COB(2)dA(E,2). (5.9)
0 0
Inserting Eq. 5.9 into Eq. 5.3 yields the electron quantum efficiency
d
QEE)=T.,(FE,0; = O°)/ CCE(z)dAs(E, 2). (5.10)
0

Partial events are neglected in the formula of the QE(E) in Eq. 5.10. Inserting Eq.
5.4 and 5.7 into 5.10 gives

QE(E)=T.,(E, 0, =0°) /Od (1 —q-exp <—§>) ~@exp <—ﬁ) dz (5.11)

where [g; is the absorption length in silicon. Is the radiation incident under a certain
angle, #;, to the SDD surface normal, the photons are penetrating the p-layer and
Si-bulk under an angle ;. For X-rays holds #; = 6,. For near UV-Vis photons
0, = 0,(6;) has to be calculated with the equations described by Snell’s law. Eq.
5.12 changes for photons incident under an angle to

QE(E, ;) /

where z = s - cos(0,(6;)) and d' = d/cos(6(6;)).

The CCE is included for the first time into the calculation of the quantum ef-
ficiency of a SDD, in this work. In order to calculate the QE an expression for
T.w(E,0;) has to be derived for photons from the X-ray and near UV-Vis range
respectively.

In the following, results of the QE in the X-ray and the near UV-Vis range from
calculations are compared to results determined from measurements.

5.3. Setup for photocurrent measurements
Applying bias voltages to the SDD as described in Sec. 3.1.1, is suitable for single

photon (X- or y-ray) detection, where the detector is sensitive to charge collection
at the anode. To measure the photocurrent the SDD has to be biased in a different
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Figure 5.4.: Setup for photocurrent measurements

way, which is described in Fig. 5.4. The back contact is set to - 80 V and the inner
and outer substrates, which act now as the collecting anodes for the electrons, are
set to 0 V. The drift rings and the JFET are floating. With this biasing the SDD
is operated in the same way as a simple pn-diode. The electrical current, generated
by an incident photon flux, is given by

B ANCh - €
At
where AN, is the detected charge carriers, which are either electrons or holes. In

the setup illustrated in Fig. 5.4 we measure the hole current, I;,+, which has the
same magnitude as the electron current, I.-, within the detector bulk (steady state

I (5.13)

condition applies I = I.- = - I;+). The power, P, of the incident photon flux is
AN, E
P = P 5.14

Solving Eq. 5.13 of the photocurrent for AN,, and Eq. 5.14 of the incident power
for AN,;, and inserting the results into Eq. 5.3 yields the quantum efficiency

I-FE

CEE) = Gy

(5.15)

The incident power is determined from the measured current, Iy,, generated by the
photon flux in a calibrated diode with a known quantum efficiency, QEy;,, so that:

 1-Guu(E)

QE(E) = Liio - G(E)

- QEqio(E). (5.16)

The calibrated reference diode used in the measurements of the photocurrent is a
silicon diode, so that the conversion efficiencies of the deposited energy inside the
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5.4. Quantum efficiency in the X-ray range

sensitive volume into electrons and holes are equal for the calibrated diode and the
SDD: G(E) = Ggio(E). In this case the quantum efficiency in Eq. 5.16 can be
written as

1
B [dio

QE(E) - QE4i0(E). (5.17)

5.4. Quantum efficiency in the X-ray range

The absorption length of X-rays in materials of the entrance window of SDDs is
pictured in Fig. 5.5. The SDD consists of a 450 um thick n™-type Si bulk with an
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Figure 5.5.: Absorption length of materials the SDD entrance window. Data are
taken from [21].

entrance window composed of a p-layer, SiOy and SisN4 or Al or a combination on
top. The absorption length in Si and the window materials (Fig. 5.5) ranges from
about 100 nm for E = 200 eV to 1000 um for E = 20000 eV. X-rays, with energies
above 10 keV, are transmitted through the SDD with an increasing probability to
higher energies. The ratio of X-ray photons absorbed inside the SDD entrance
window increases with decreasing photon energy. The photons absorbed in the EW
are either generating none or a fraction of the number of signal electrons compared
to a X-ray photon absorbed inside the Si-bulk.

To calculate the QE given by Eq. 5.12 for X-ray photons, the transmission ef-
ficiency, T, of X-rays through the entrance window has to be determined. With
Eq. 5.5 the ratio of transmitted photons, T, ;, through a material with thickness
z;, can be determined by

Nr(zi, li(E))

Towa(n () = TN — (‘@) . (5.13)

The insensitive part of the entrance window consists of several layers, n, each layer, i,
with a thickness z;. The transmission efficiency through all layers can be calculated
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5. The quantum efficiency of Silicon Drift Detectors

by
T.w(E) = HTew,i = exp (— Z lj—lE)> ) (5.19)

If the photons are incident under an angle 6 onto the SDD, Eq. 5.19 changes to

T..(E,0) = H Towi = exp (- Z m) . (5.20)

Inserting Eq. 5.20 into Eq. 5.12 yields the SDD quantum efficiency for X-rays.
Fig. 5.6 shows the calculated QE(E, 8 = 0°) for the pn-Window (red dashed line)
and the change of the QE(E,6 = 0°), if the CCE(z) function of the pn-Window
is substituted by the CCE(z) = 1 (black solid line) or if the CCE function of an
ARC-Window (dashed brown line) is used. The CCE functions of the pn-Window

1,0
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O
[
0
o
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=
= pn - Window:
g 04 CCE(z) = 1
S - --q=0.04,t=30nm
(pn-Window)
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Figure 5.6.: Calculated QE(E,0 = 0°) for a pn-Window and two similar entrance
windows, where only the parameter of the CCE function differs from that
of the pn-Window. Absorption lengths of the materials of the entrance
window are from [21]. The values of the thicknesses z;, are in the range
of several 10 nm. The CCE is shown in Fig. 5.5.

and ARC-Window have been presented in Fig. 5.3, red and brown dashed line. The
charge collection efficiency of the pn-Window is close to 1, so that the QE(E, 8 = 0°)
has almost the same value, as if the CCE(z) is set to 1. The CCE function of this
kind of ARC-Window leads to a decrease of the QE(FE, 6 = 0°). This is largest in
the energy range 100 eV < E < 700 eV, due to the fact, that the absorption length,
lgi(E), in silicon is minimal (30 nm < lg; < 600 nm) in this energy range, regarding
the energy range from 30 eV to 30000 eV. A smaller absorption length increases the
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5.4. Quantum efficiency in the X-ray range

ratio of absorbed photons close to the entrance window, where the defect density of
the p-type back contact has its maximum.

The measurement of the QE(FE,0 = 0°) has been performed at the synchrotron
radiation source facility Bessy II of the Helmholtz-Zentrum Berlin. Certain photon
energies can be filtered from the X-ray spectrum, generated by the accelerated elec-
trons, with a grating and crystal monochromator in the energy range 30 to 1800 eV
and 1750 to 10000 eV.

The measurement setup for the photocurrent has been introduced in Sec. 5.3. In
order to determine the electron quantum efficiency, QE(E, # = 0°), the photocurrent
I = Liyraq — Liarr of the SDD and the calibrated silicon diode has to be inserted into
Eq. 5.17, where I;...q is the current during irradiation and Iz, the dark current.
Furthermore, the ratio of the electron currents inside the synchrotron ring at the
times when the photocurrent has been measured with the calibrated diode, L,.;,4(taio).
and the SDD, IL;,4(tspp), has to be multiplied to Eq. 5.17 as a correction, because
the electron current inside the synchrotron ring changes with time. Thereby the
following expression results for the quantum efficiency:

]ring (tdio)

Iirra - I ar
QE(E, ) = LI QEy(E,0) -
Ling(tspp)
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Figure 5.7.: Measured and calculated QFE(E,0 = 0°), for a SDD with pn-Window.
The absorption lengths used in the calculations are from [76] (blue curve)
and [21] (red curve).

Fig. 5.7 shows the measured and calculated QE(E, 6 = 0°) for a SDD with pn-

Window. Down to an energy of E = 300 eV the measured and calculated QEs are in
good agreement within the error bars of the measured values. In the energy range 100
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5. The quantum efficiency of Silicon Drift Detectors

to 200 eV the calculated blue QE(E,0 = 0°) curve in Fig. 5.7 is in good agreement
with the measured values within the error bars. In the energy range 70 to 95 eV the
measured values are in no agreement with the calculated values within the error bars
of the measured values. The errors of the absorption lengths from literature are not
known. It is thus not possible to state whether the measured QE(E, 8 = 0°) values
are in agreement with the calculated values inside the measured and calculated error
bars or not. In the energy range below 70 eV the measured QE(E, 0 = 0°) values are
in agreement with the calculated QE(E, 0 = 0°) (red curve) within the error bars of
the measured values.

In total, the model for the calculation of the QE(E, 6) is accurate and can be used
as a prediction tool. The CCE has a non-negligible effect on the QE(E, 8 = 0°) of the
ARC-Window in the range 100 - 600 €V and a negligible effect on the QE(E, 0 = 0°)
of the pn-Window in the X-ray range above 50 eV.

5.5. Quantum efficiency in the near ultra violet
and visible range

The SDD entrance window, developed for the detection of scintillation photons,
consists of a SigNy, SiO, and a p-type silicon layer. All these layers have certain
thicknesses. The EW can be optimized for scintillation photons in the near ultra
violet and visible range to allow a high QE. The thicknesses and the complex index
of refraction, n, of the layers of the SDD entrance window determine the wavelength
dependent QE. The calculation of the reflection, r, and transmission coefficient, t, of
the SDD entrance window in dependence of the layer thicknesses and the refraction
index, is described in the App. C.

The reflectance R,y and transmittance Tyrc are defined by the ratios of the time
averaged power of the reflected, P, and the transmitted, P;, to the incident plane
wave, P;, [95].

P, I.-A. Re(n)ee|E|> |E, |
Repp=— = = ( )520 | ’2 = ‘_ = |7”|2 (5.22)
P Ii-Ai  Re(n;) |Ej E;

Too P I-A;,  Re(n)“®|E*  Re(n;)cost
ARCTP T LA Re(n;)®a |E;|*  Re(n;)cost;

E,|? _ Re(ny)cost, ;
E;|  Re(n;)cosb; g
(5.23)
where I is the intensity, A the irradiated area, Re(n) the real part of the complex
index of refraction, E the electric field amplitude, ¢, the dielectric constant and c the
velocity of light. The reflectance, R.p(E,6;), and the transmittance, Tapc(E,0;),
are dependent on the photon energy, E, and its angle of incidence, 6;.
The formulas 5.22, 5.23 and C.16 are used to calculate the reflection and trans-

mission of UV-Vis photons through thin films.

2

5.5.1. Measured and calculated quantum efficiency

In order to calculate the quantum efficiency for near UV-Vis photons, first the trans-
mission, Tarc(E,0;) (see Eq. 5.23), of optical photons through the SDD entrance
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5.5. Quantum efficiency in the near ultra violet and visible range

window, which has an anti-reflection-coating (ARC), has to be evaluated by insert-
ing the results of Eq. C.16 into Eq. 5.23. Substituting T sg¢ for T¢,, in the Eq. 5.12
yields the QE for near UV-Vis photons:

/

d
QE(E, ;) = Tarc(E, ;) /O COE(s - cos(0,(6)))) - dAy (E, 5). (5.24)

The QE in the near UV-Vis range is usually expressed in dependence on the wave-
length of the incident photons. The conversion of the photon energy, E, into the
photon wavelength, A, is described by

A= — (5.25)

[96] where h is the Planck’s constant and c the velocity of light. The antireflection
coating (ARC) of the SDD entrance window (EW) consists of a SizNy-layer on top
of a SiOs-layer, which is on top of p-type silicon. Fig. 5.8 shows the calculated
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Figure 5.8.: Calculated QE.(0; = 0°) for an ARC consisting of a stack of layers,
SisNy + SiOy + silicon, with varying SisNy- and SiOs-layer thicknesses
for photons with a wavelength of A\ = 355 nm or 550 nm. The charge
collection efficiency is set to CCE = 1. Photons are penetrating from
the air.

QE(\, 6; = 0°) for photons, incident perpendicular onto the SDD EW, with wave-
lengths of A\ = 355 nm and 550 nm, in dependence of the thicknesses of the SigNy-
and SiOs-layer. These A\ are the wavelengths of the emission maximum of the scin-
tillation spectra of LaBrs(Ce) and CsI(T1). The CCE is set to 1. The maximum
QE(), 6; = 0°) for photons with a wavelength of A = 355 nm is reached for an ARC
with SiOy- and SizNy-layer thicknesses of about 0 nm and 38 nm respectively. A
negative effect of this EW is that the SizNy4-Si interface exhibits more defects than
the SiO,-Si interface, so that the leakage current from the interface increases and the
CCE at the interface decrease. For a better electrical performance a homogeneous
SiOq-layer should be between the p-type silicon and the SizNy-layer. To assure a
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5. The quantum efficiency of Silicon Drift Detectors

homogeneous SiOs-layer, its thickness is set to 20 nm. A homogeneous SiO,-layer
with a thickness of less than 20 nm is difficult to manufacture and the probability for
pin holes increases with decreasing thickness. An ARC with a SiO,-layer thickness
of 20 nm has a maximal QE(A = 355 nm,f; = 0°) for a SizNy-layer thickness of
about 20 nm. The maximum QE for photons with a wavelength of A = 550 nm is
for an ARC with a SiOs-layer thickness of about 20 nm and a SizNy-layer thickness
of about 40 nm.

In the following calculated and measured results of the QE(\, 6; = 0°) for photons
in the wavelength range from 300 to 1100 nm are compared and discussed.
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Figure 5.9.: Calculated and measured QE(N,0; = 0°) for two entrance windows, opti-
mized for scintillation photons from CsI(Tl) (red curve) and LaBrs(Ce)
(black curve). For the calculations, the CCE is set to 1 in both cases.
Mazimum of the scintillation spectrum of CsI(Tl) is at 550 nm and
of LaBrs(Ce) at 355 nm. The measurements have been performed by
Gigaherz Optik GmbH.

Fig. 5.9 shows the measured (stars and crosses) and calculated (solid lines)
QE(\, 6; = 0°) for two Anti reflection coatings (ARCs). One ARC is optimized for
the scintillation spectrum of CsI(T1) (red) and the other for LaBrs(Ce) (black). The
charge collection efficiency has been set to CCE = 1 in the calculated QE(X, 6; = 0°).
In the wavelength range 300 to 600 nm the measured QE(A, 0; = 0°) values lie below
the calculated ones.

To investigate the origin of the difference between the measured and calculated
values, three entrance windows have been built with different Boron implantation
depths. This has been achieved by implanting with the same ion dose and energy
through SiOs-layers of three different thicknesses. An increasing implantation depth
leads to an increase of the defect density in the p-layer, which results in different
CCE functions for the three entrance windows. These entrance windows have a lower
transmittivity and QE, due to the fact, that there is no antireflection coating on top
of the p-layer. Fig. 5.10 (left picture) shows the measured (dots) and calculated
(dashed and solid lines) QE(A, 6; = 0°). In the UV range the CCE reduces the QE
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Figure 5.10.: Calculated and measured QE(X,0; = 0°) al room temperature for three
different implantation depths and no ARC layers on top of the p-layer.
The influence of the CCE 1s included in the calculations. The CCE
functions resulting from the three implantation procedures are plotted
on the right hand side.

at the interface SiOq-p-layer by about 4 % for the most shallow implantation depth
compared to about 23 % for the deepest implantation depth. The CCE functions
for these 3 implantation depths are shown in Fig. 5.10 in the graph on the right
hand side.

Calculations of the QE(\, 6; = 0°) with the CCE(z) (see Fig. 5.10 brown solid

line) function

z z[nm]
CCE(z)=1—q-exp( 7_) =1-0.23-exp ( 65nm) (5.26)
are illustrated in Fig. 5.11 (red and black solid lines), which can be compared to
the measured QE(A, 6; = 0°) (red stars and black crosses). Including the CCE into
the calculation leads to a good agreement between the measured and calculated
QE()\, 61 - OO>.

To verify the validity of the calculated QE values for incident photons with an
angle not equal to 0° to the SDD surface normal, measured and calculated values of
the QE for the two entrance windows, introduced in Fig. 5.11 (angle of incidence:
0°), have been performed for an angle of incidence of 65°. The results are shown in
Fig. 5.12. The measured and calculated QE(A,0; = 65°) are in agreement within
the error bars. The QE is smaller than for photons with an angle of incidence of 0°.

The knowledge of the angle dependent QE is necessary for the determination of
the overall quantum efficiency, 7, for scintillation photons, which are incident with
angles in the range from 0 to 90° onto the SDD entrance window.

In this section it has been shown that the experimentally determined QE(\,6;)
can be fully described by the theory of the angle dependent transmission through
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5. The quantum efficiency of Silicon Drift Detectors
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Figure 5.11.: Calculated and measured QF for the two entrance windows. The CCE
function used for the calculation is plotted in Fig. 5.10 on the right
(brown line). Integration of the CCE in the QE improves the coin-
cidence between measurement and calculation significantly. Measure-
ments have been performed by Gigaherz Optik GmbH.
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for an incident photon angle of 65°.
included into the calculations.

the materials of the SDD entrance window and the introduced CCE function of the
ARC-Window in dependence of wavelength and the angle of incidence.

60

071
06
05

011

Wavelength [ nm ]

entrance window 1:

calculated

o measured
entrance window 2:
calculated
o measured

The influence of the CCE 1is



5.5. Quantum efficiency in the near ultra violet and visible range

5.5.2. Quantum efficiency for photons from CsI(TI) or
LaBr;(Ce)

Quantum Efficiency
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Figure 5.13.: Calculated QQEs of the two entrance windows introduced in Fig. 5.11
for incident photons from CsI(Tl) and LaBrs(Ce) passing an optical
coupler (on the left). The corresponding smoothed QF is in the Fig.
on the right.

The QE of the two introduced entrance windows for photons incident from air as
shown in Fig. 5.11 is higher in the wavelength range between 300 nm to 600 nm,
compared to photons, which are generated inside the scintillators, CsI(Tl) and
LaBr3(Ce), passing an optical coupler, with an index of refraction of n = 1.46 (Opti-
cal couplers have usually a refractive index around 1.5), before penetrating into the
ARC (see Fig. 5.13). The oscillations in the left picture (Fig. 5.13) originate from
interference of the electromagnetic waves, due to multiple reflections on the front
and back interface of the optical coupler. In the right picture (Fig. 5.13) the oscil-
lating curves have been smoothed to compare their mean value, whereby the dashed
lines are the scintillation spectra of CsI(T1) (green dotted line) and LaBr;(Ce) (blue
dotted line). The difference of the QEs between the two entrance windows is smaller
compared to photons incident from the air (see Fig. 5.11). There is an improvement
of the QE for long wavelengths above 800 nm, but the optimization in the range 300
to 400 nm is almost lost.

Fig. 5.14 shows the calculated QE (including the CCE of the ARC-Window) for
355 and 550 nm photons incident perpendicular from LaBrs(Ce) and CsI(T1) onto
the optical coupler and SDD entrance window in dependence on the thicknesses of
SiO5 and SizNy. The developed SDD entrance windows for scintillation photons from
the scintillators LaBr;(Ce) and CsI(T1) cannot be optimized further by changing the
layer thicknesses, if the SiO5 layer thickness is not reduced below 20 nm.

For photons incident from a medium with a refraction index, n;, onto an interface
with another medium with a lower refractive index value, n;, there exists an angle
between the direction of propagation of the incident photons and the surface normal,
Y7, above which photons are totally reflected at the interface. The angle of total
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Figure 5.14.: Calculated QF for photons with wavelengths of 355 and 550 nm, gen-
erated inside LaBrs(Ce) and CsI(Tl), incident perpendicular into the
SDD after passing the optical coupler.

reflectance is given by
Y = arcsin <E> . (5.27)
1
Photons generated inside a scintillator are reaching the SDD entrance window
with angles with respect to the surface normal in the range from 0 to 90°. Thus it
is important to know the angle dependence of the quantum efficiency.
The angle dependent QE for photons, which are generated inside the CsI(Tl) or
LaBr3(Ce) crystal and passing through an optical coupler before reaching the SDD,
where they are absorbed, is illustrated in Fig. 5.15. The QE decreases slightly with
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Figure 5.15.: Angle dependent QFE for photons with wavelengths of 355 nm (blue) and
550 nm (green) generated inside LaBrs(Ce) and CsI(Tl), passing the
optical coupler before reaching the SDD EW with an angle of incidence
perpendicular to the SDD entrance window.

an increasing angle of the incident photons with respect to the surface normal of
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5.5. Quantum efficiency in the near ultra violet and visible range

the entrance window. Approaching the angle of total reflection, 7, leads to a faster
decrease of the QE, until it becomes 0 for incident angles equal or greater than .
The existence of an angle of total reflection could lead to a reduction of the system
quantum efficiency, 7.

YUp is 54° ( 41°) for photons with a wavelength of 550 nm (355 nm), because
the SiOy layer of the EW has an index of refraction of n ~ 1.5, which is smaller
than that of CsI(T1) (LaBrs(Ce)) scintillator, nosreryy = 1.8 (DzaBry(ce) = 2.3). The
second layer of the EW, Si3Ny, has a refraction index of about ng;,n, = 2 and silicon
is in the range of ng; = 3.7 to 6.8.

Subsequently some methods to increase the QE, which have not been implemented
into ARC-Windows yet, are presented. To avoid total reflection the refraction index
of the scintillator has to be smaller than the refractive indexes of the entrance
window materials and silicon. This can be achieved by using a scintillator with a
refraction index smaller than n < 1.5 or by constructing an entrance window without
a SiOq-layer, but a SizgNy-layer (see Fig. 5.16), if the SDD is coupled to a CsI(T1)
scintillator. The disadvantages of such a window is the higher defect density of the

Quantum Efficiency
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Figure 5.16.: QF of an entrance window with an ARC, which consists only of a Siz Ny
layer, for photons generated inside the CsI(Tl) scintillator, which is
directly coupled to the SDD. On the left: QF plotted against the wave-
length. On the right: QF for photons with a wavelength of A = 550 nm
plotted against the incident angle.

SigNy-silicon interface compared to the SiOq-silicon interface (see Sec. 5.5.1) and the
fact that an optical coupler with a refraction index of at least the refraction index of
the used scintillator has to be used, in order to avoid an angle of total reflection. The
common optical couplers with the physical condition of a gel, rubber or adhesive,
have a refraction index around 1.5 (Wacker Silicones, Precision Converting, Cargille
Labs, Norland Products, Polytec PT GmbH, leuna harze). Fluids with a refraction
index of 1.8 and higher are available, but they have a higher absorption ratio than
couplers with a lower refraction index and are corrosive and hazardous. Moreover
fluids cannot be used as permanent couplers.

There is still room for improvements of the QE for scintillation photons generated
in LaBrs(Ce). First a narrower p-layer improves the CCE (see Fig. 5.10: right
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5. The quantum efficiency of Silicon Drift Detectors

hand side, green line), which results into an increase of the quantum efficiency to
QE, ~ 0.70 (Fig. 5.17 bright blue line). Secondly a smaller thickness of the SiO,-
layer of the ARC leads to a further increase of the quantum efficiency to a value of
QE, ~ 0.76 (Fig. 5.17 brown line). As the homogeneity of the SiOs-layer cannot be
guaranteed, investigations for the deposition of very thin and homogeneous SiO,-
layers (< 20 nm) are needed, before the realization of such an entrance window is
possible. Thirdly an ARC consisting of a SiO5-Si3N4-SiOs layer sequence with an
optical coupler having a refractive index equal to that of LaBrs(Ce), produces a
QE. ~ 0.87 (Fig. 5.17 blue line). This option is also difficult to realize, because
optical couplers with high refractive index, which is close to that of LaBrs(Ce) are
needed.
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Figure 5.17.: Calculated QF for photons penetrating from LaBrs(Ce) for three EWs,
which have a larger QF around 355 nm, compared to the EWs presented
in Fig. 5.15.

Due to the coupling of the scintillator to the SDD with an optical coupler and the
angle dependence of the QE, the maximum achievable QE especially for scintillation
light from LaBr3(Ce) is limited. Entrance windows have been developed with QEs
of 0.9 and 0.5 for scintillation photons from CsI(T1) and LaBrs(Ce) respectively.

To conclude, we investigated in this chapter the quantum efficiency of SDDs for
incident X-rays and ultra violet to visible photons generated inside the scintillator.
Over the whole energy range the measured values of the QE can be reproduced by
the presented models. Possibilities to improve the entrance window, especially in
the UV-Vis range have been presented.
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6. Detector response of a single
SDD —+ CslI(TIl) or LaBr3(Ce)

Figure 6.1.: Photo of a 100 mm? SDD coupled to a cylindrical scintillator.

As photodetectors, SDDs have been used with a circular or square shaped active
area of 30 mm? and 100 mm?. The entrance windows of these SDDs consist of an
anti reflection coating (ARC) optimized for the near UV - Vis range. The SDDs
are coupled with an optical pad and/or silicon grease to the scintillators CsI(T1)
or LaBr3(Ce), which have been manufactured by Hilger Crystals and Saint Gobain
Crystals. Millipore filter paper with a pore size of 25 nm [97] and a multilayer
film, VM2002, have been used as diffuse and specular reflectors. The reflectivity of
VM2002, which is labeled today as enhanced specular reflector (ESR), is larger than
0.98 [98]. Results from spectroscopic measurements indicate that the reflectivity of
5 to 6 layers Millipore paper is supposed to have a similar reflectivity as the VM2002
reflector.

The dimensions of the used scintillators are listed in Tab. 6.1. Parameters of

’ scintillator | CsI(T1) ‘ LaBr;(Ce) ‘
doping 0.1 - 0.13 mole % T1 5 % Ce
shape cylindrical cubic cylindrical

©®45mm | © 9.0 mm | 4 x 4 mm? © 5 mm
5 5 5 5
thickness [mm] 10 10 10
20 20

Table 6.1.: CsI(Tl) and LaBrs(Ce) scintillator dimensions and concentrations of Tl
and Ce used in our measurements.

CsI(T1) and LaBrs(Ce) are specified in Table 6.2.

The long scintillation decay times of CsI(T1) are the reason for the ballistic deficit,
if shaping times, tg, shorter than 12 us are used. Even at tg =12 us, there is
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6. Detector response of a single SDD + CsI(Tl) or LaBrs(Ce)

’ scintillator ‘ CsI(T1) ‘ LaBr;(Ce) ‘
emission maximum [nm] 55092, 565¢ 355¢
light yield [photons/keV] at 662 keV 659 65"
decay time [us] at 20°C 11=0.5-0.9/, n=1- 167 0.03%
at - 20°C =117, 7=9.5/

refraction index at \,,qz 1.8®be 2.34
density [g/cm?] 4.51%b¢ 5.08¢
Zefy 547 47
absorption coefficient [cm™!] at 500 keV 0.44 0.44
hygroscopic slightly®®?, no® yes?

after glow [%] 0.5 -5 (6 ms)’ very low
radiation background no yes

Table 6.2.: Properties of CsI(Tl) and LaBrs(Ce) given by °S. Gobain, °Scioniz,
Hilger Crystals and %[99/, €[63, 68], 1 [59], 9[100, 59], "[51], ¥[101, 63],
'[14].

ballistic deficit, so that about 94 % of the generated electrons are collected at the
anode (Fig. 6.2 graph on the right). For LaBrs(Ce) + SDD only the drift time of
the electrons inside the SDD to the anode determines their collection time after a
gamma event, because of the short decay time of 30 ns of scintillation photons in
LaBr;(Ce). Fig. 6.2 (on the right) shows the amplitude of the preamplifier output
plotted against the time for two temperatures, 10°C and - 20°C for the system SDD
+ LaBr3(Ce) scintillator. The dimensions of cylindrical LaBrs(Ce) scintillator are:
5 mm diameter and 10 mm thickness. The output signal is proportional to the
number of the collected signal electrons. The drift path length is in the range from
0 to 2.5 mm. The rise time of the preamplifier output signal is about 300 ns at
- 20°C and 420 ns at 10°C, which is in agreement to the drift time of electrons for
a distance of 2.5 mm inside silicon and for an applied field of 520 V/cm convolved
with the rise time of the preamplifier, which is about 50 ns. The electron drift time
inside the SDD is in this case the reason for a ballistic deficit towards very short
shaping times below 500 ns and it sets the limitation for the maximal possible count
rate capability.

For CsI(T1) + SDD the scintillation decay time exceeds the drift time of the
electrons to the anode. The time dependent amount of the collected signal charge
at 10°C and - 20°C for the detector CsI(Tl) + SDD is shown in Fig. 6.2 (on the
right). The total amount of generated scintillation photons, J;,(t), for a time, t,
after a y-event, can be described by formula [48]

o[£ (1) ()

where J; is the amplitude, 7; and 7,.; the scintillation decay and rise times of the i-th
decay channel. C), is a normalization constant. Neglecting the contribution of the
drift time of the electrons inside the SDD and the rise time of the preamplifier, we
fitted formula 6.1 to the measured output signals shown in Fig. 6.2 on the right. The
obtained fitting parameters are 7 &~ 1500 ns, 75 ~ 15000 ns with the scintillation

1
s (6.1)
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6.1. Results from spectroscopic measurements in the range 6 to 662 keV
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Figure 6.2.: Measured rise time of the preamplifier output of SDD + LaBrs(Ce) (left
figure) and SDD + CsI(Tl) (right figure) at 10°C and - 20°C.

rise times 7,1 = 7,.5 = 20 ns (7,., which have been adapted from [59]). The intensity
amplitudes are J; =~ 0.73 and J, = 0.04 for 10°C and - 20°C. 71 and 75, without the
contribution of the SDD, are shorter than deduced from the fit, because the drift
time of the electrons (300 - 400 ns) and the rise time of the preamplifier (50 ns) have
not been included into the formula used to fit the measured data. Our deduced decay
times at - 20°C and 10°C for the CsI(T1) scintillator are slightly longer compared
to values determined by [59].

The light yield of CsI(T1) reported in literature is about 65 photons/keV [50, 100]
for incident ~-rays with an energy of E = 662 keV. For T1 concentrations in the range
0.1 to 0.3 mole % the light yield is almost constant [102, 103, 104]. For LaBrs(Ce)
it is about 60-65 photons/keV for E = 662 keV [51, 100, 105]. In literature a slight
increase of the light yield of LaBrg(Ce) with an increasing Ce concentration from
0.5 to 5 % and a drop to higher concentrations has been measured [106, 107].

6.1. Results from spectroscopic measurements in
the range 6 to 662 keV

In this section results from spectroscopic measurements with single cell SDDs cou-
pled to CsI(T1) or LaBr3(Ce) are discussed. First the ENC,; of the used SDDs for
three temperatures are shown in Fig. 6.3. Measurements have been performed with
shaping times in the range from 0.5 to 12 us. For temperatures equal or larger than
0°C the ENC,; decreases to shorter tg. This is due to a reduced number of collected
electrons, originating from the leakage current. For —20 °C the ENC,; changes only
slightly with tg and has a minimum at tg = 1 us or tg = 2 us. The value of ENCy
has been calculated from the photo and noise peak of the directly detected spectrum
generated after irradiation of the SDD with the '%°Cd (E = 22.1 keV) source:

noise E
ENCy = —2 Cd

. 6.2
XC’d - Xnoise w ( )
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Figure 6.3.: Equivalent noise charge if the electronic noise (ENC,;) dependent on the
shaping time and temperature. Results for a 30 mm ? (left graph) and
100 mm ? (right graph) SDD.

where X4 and X, are the channel numbers of the photo and noise peak positions
at Ecg = 22.1 keV and E = 0 keV. The relative energy resolution, R, is calculated
by

o(E)

E)=2.
R( ) 35X(E) - Xnoise

(6.3)

where o(F) is the standard deviation of the photo peak and X (FE) its position
determined in indirect detection mode. The number of signal electrons per keV is
given by
Ne(E) _ X(E) — Xnoise . EC’d ) l (6 4)
E B XCd - Xnoise w E ‘
Measured results of R and N./E, with a 30 mm 2 and 100 mm 2 SDD coupled to
a cylindrical CsI(T1) with a diameter of @ = 4.5 mm or 9.0 mm and a thickness of
5 mm, at 0°C are shown in Fig. 