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ABSTRACT 
 

CHARACTERISTIC X-RAY, PHOTOELECTRON AND COMPTON-
SCATTERED PHOTON ESCAPE FROM A HPGe DETECTOR 

 

Yılmaz, Ercan 
Ph.D., Department of Physics 

Supervisor:  Assoc. Prof. Dr. Cüneyt Can 

April 2003, 64 pages. 
 

 Escape of photoelectrons, Compton-scattered photons and Ge X-rays from a 

HPGe detector was studied as a function of energy in the range 8-52 keV. A variable-

energy source producing Cu, Rb, Mo, Ag, Ba, and Tb X-rays was used. All three 

mechanisms for energy loss were observed in the same experiment for Ba and Tb, 

while only X-ray and photoelectron escapes were evident in the spectra for Ag, Mo, 

Rb, and Cu. Spectral features and possible mechanisms for partial energy deposition 

were investigated. A Monte Carlo program was used to simulate the relevant 

interactions and to estimate the escape probabilities.  

 

Keywords:  X-Ray escape, Photoelectron and Compton escape, HPGe detector, 

Monte Carlo. 
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ÖZ 
 

HPGe DEDEKTÖRDE KARAKTER�ST�K X-I�INI,  

FOTOELEKTRON VE COMPTON SAÇILMASI KAÇA�I 

 

Yılmaz, Ercan 
Ph.D., Fizik Bölümü 

Danı�man:  Doç. Dr. Cüneyt Can 

Nisan 2003, 64 sayfa. 

 

 Bir HPGe dedektöründen fotoelektron, Compton saçılımına u�rayan fotonlar 

ve Ge X-ı�ınları kaçakları 8-52 keV aralı�ında enerjinin bir fonksiyonu olarak 

incelendi. Cu, Rb, Mo, Ag, Ba, ve Tb X-ı�ınları olu�turan, de�i�tirilebilir enerjili bir 

kaynak kullanıldı. Ba ve Tb için, enerji kaybı mekanizmalarının üçü de aynı deneyde 

gözlenirken, Ag, Mo, Rb ve Cu için spektrumlarda sadece X-ı�ını ve fotoelektron 

kaçakları görüldü. Spektral özellikler ve kısmi enerji depolanması için olası 

mekanizmalar ara�tırıldı. Etkile�melerin simülasyonunu yapmak ve kaçı� 

olasılıklarını tahmin etmek için bir Monte Carlo programı kullanıldı.  

Anahtar sözcükler:  X-ı�ını kaça�ı, fotoelektron ve Compton kaça�ı, HPGe 

dedektörü, Monte Carlo.                  
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NOMENCLATURE 

 
σ Cross-section. 

µ Linear attenuation coefficient. 

λ Mean free path. 

θ Angle between the momentum vectors of the incident photon and the 

ejected photoelectron. 

ωi Fluorescence yield. 

r Random number. 

Ei Initial photon energy;   1αK
iE , 2αK

iE , 1βK
iE , and 2βK

iE . 

Epe Photoelectron energy;   1αK
peE , 2αK

peE , 1βK
peE , and 2βK

peE . 

Ef Compton-scattered photon energy; 1αK
fE , 2αK

fE , 1βK
fE , and 2βK

fE . 

EKα Germanium Kα X-ray energy. 

EKβ Germanium Kβ X-ray energy. 

Ere Recoil electron energy;  1αK
reE , 2αK

reE , 1βK
reE , and 2βK

reE . 

ab
KE  K-shell absorption edge (K-shell binding energy). 

ab
LE  L-shell absorption edge (L-shell binding energy). 

PCom Percentage Compton escape fractions. 

Pcoh Percentage coherent escape fractions. 

Ppe Percentage photoelectron escape fractions. 

 
 
 



 0 

PXα Percentage Kα X-ray escape fractions. 

PXβ Percentage Kβ X-ray escape fractions. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

The inception of radiation detectors, particularly of semiconductor detectors, 

offered a wide range of applications in various fields of applied sciences. Along with 

these developments there has been a wide interest in determining line shapes, 

response functions and efficiency of these detectors. These efforts, ranging from 

experimental measurements to analytical calculations and from empirical fittings to 

Monte Carlo simulations have been so intense that determining the response function 

has been a “challenge” for scientists. Even though there seems to be as many 

response functions as there are detectors, some of the spectral features are common. 

However, it has been demonstrated by Papp and Campbell [1] that components of the 

response function, i.e. pulse-height distribution, could be different even when spectra 

obtained by several detectors of the same material are compared. Spectral features 

are based on physical mechanisms, which result in complete or partial deposition of 

energy. The major mechanisms involve interaction of primary radiation, i.e. X-rays 

or γ-rays, with the detector material, and interaction of characteristic X-rays, 

photoelectrons and Auger electrons in the detector. The role of electrons to and from 

electrical contact materials and dead layer of detectors has also been considered 

extensively. 
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The escape of characteristic X-rays produced in photo-absorption of primary 

photons has been studied in detail by many investigators. However, the role of 

photoelectrons, Auger electrons and Compton-scattered photons in partial 

deposition of energy has been under investigation only during the last decade. 

Furthermore, the importance of photoelectrons and Auger electrons has been 

studied mainly in the low-energy region and by using Si(Li) detectors.  

 Escape of Compton-scattered primary photons using an 241Am source and a 

HPGe detector has been investigated only, to our knowledge, by Martin and Burns 

[2], and Paši� and Ilakovac [3]. These experiments, based on α-gating and two-

detector coincidence techniques, respectively, have shown the importance of escape 

of primary photons undergoing single or multiple Compton scattering. However, 

these studies have not indicated any sign for the existence of a component due to 

photoelectron escape in the response function. Can [4] has recently investigated this 

problem without coincidence requirements, and observed two distinct components 

attributed to escape of photoelectrons and Compton-scattered photons. 

 Contrary to the case with Compton-scattered photons, escape of 

photoelectrons and Auger electrons has been investigated more extensively. Even 

though the main goal of these studies has been, for a long time, to determine the 

exponential tail and flat shelf on the low energy side of full-energy peaks, recent 

experimental investigations have revealed the existence of a shelf-like structure with 

definite cut-off energies corresponding to the binding energies of the detector 

material.  

 The earliest observation of the shelf structure was, to our knowledge, due to 

Campbell et al. [5], even though a flat shelf was also observed by Tikkanen et al. [6] 

and attributed to the escape of electrons to and from the contact layer. In the former 
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study the Mn K X-ray spectrum using a 55Fe source exhibited a shelf-like structure 

with cut-offs explained by the Si K-shell binding and X-ray energies.  Papp et al. [7] 

studied the effect of the front contact materials on the response function of Si(Li) 

detectors for Mn K X-rays and demonstrated that certain spectral features are due to 

passage of electrons between different layers of the detector. Campbell et al. [8] 

extended these studies to variable energies in the range 1.8 - 8.3 keV. In that work 

Si(Li) and Ge detectors were used, and shelf structure was again observed with cut-

off energies for Si K- and Ge L-shells. Furthermore, the response functions were also 

successfully reproduced by their Monte Carlo simulations. That study was expanded 

to the energy range 1-10 keV by Lepy et al. [9], and technologically improved Si(Li) 

and HPGe detectors were calibrated in the soft X-ray region by means of tunable 

monochromatized synchrotron radiation.  

 The gross features of low-energy X-ray spectrum (Mn Kα line at 5.9 keV) 

were studied both experimentally and analytically by Lowe [10]. Contribution of 

escape of photoelectrons and Auger electrons was calculated for appropriate shells 

and compared with the experimental response functions. The results showed that the 

calculated heights and shapes of electron escape steps were underestimated by about 

15%. A close examination indicated that a cusp starting at the cut-off energy was 

expected with a long tail towards the full-energy peak (FEP). 

 The variations in response functions of several Si(Li) detectors were studied 

by Papp and Campbell [1]. It was shown that even the same detector might give 

slightly different response functions on different occasions. Nevertheless, the shelf 

structure was once again observed for 5.9 keV (Mn Kα). Campbell et al. [11] 

developed a model that incorporates Monte Carlo simulation, energy deposition by 

electrons, and an analytical approximation for diffusion of thermalized secondary 



 4 

electrons. The effects of contact, dead layer, range of electrons, and pulse processing 

time were studied in detail. In particular, the height of the steps were found to be 

strongly influenced by the pulse shaping time as an indication that these steps are due 

to electron escape from regions near the front surface.  

 Escape of X-rays of the detector material attracted much attention for almost 

two decades until escape of electrons and Compton-scattered photons was observed. 

The physical process for escape of characteristic X-rays is quite simple, and the 

energy of an escape peak in a spectrum is well defined. Nevertheless, escape peaks in 

a spectrum obtained in quantitative elemental analysis may overlap or even blend 

with the X-ray peaks of the sample material, and thus cause difficulty in determining 

peak positions and intensities.  

 One of the often-cited studies of Ge Kα and Kβ escape as a function of energy 

is by Christensen [12] who obtained good agreement between measured and 

calculated relative intensities. Christensen’s calculations were essentially based on an 

earlier work by Fioratti and Piermattei [13] who considered an infinite crystal and 

neglected Ge Kβ escape. Seltzer’s [14] analytical and Monte Carlo calculations 

showed good agreement with that work. Chan et al. [15] developed a Monte Carlo 

program to determine, among other things, Kα and Kβ escape fractions, which 

confirm Seltzer’s calculations. Recently, Can [16] studied the effect of collimator 

size on the escape of X-rays for 59.5 keV photons incident on an HPGe detector, and 

demonstrated the importance of escape from the side surface of the detector. In 

another recent work, Durak and Özdemir [17] measured escape fractions of Kα and 

Kβ using X-rays from elements Zr to Yb in the energy range 15.75 - 52 keV for a 

Ge(Li) detector. A recent study by Campbell et al. [8] also demonstrated the 
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importance of various components in the low-energy tailing of the full-energy peak 

in determining the line shape, energy and intensity of Si and Ge X-ray escape peaks.  

 An excellent review of Monte Carlo simulations, especially in the low-energy 

region [18-25], and for Si(Li) detectors was given by Campbell et al [11]. Several 

other works [1,14,15,26] deal with higher energy photons incident on Ge(Li) or 

HPGe detectors and should be mentioned. The information obtained from these 

simulations covers a wide range, from escape of characteristic X-rays to Compton-

scattered escape profiles to escape of photoelectrons.  

 The above survey of the literature clearly demonstrates that while there has 

been a wide interest in the study of response functions for Si(Li) detectors in the low-

energy region, the same is not true for Ge(Li) and HPGe detectors in the energy 

range of, say 10 - 60 keV. Even though the dominant interaction mechanism between 

a primary photon and a Ge atom was photoelectric absorption, which allowed us to 

study the effect of the escape of both Ge X-rays and photoelectrons, Compton-

scattered photon escape was also observable.  

 It is for these reasons that we studied the response function of our HPGe 

detector in the energy range 8 - 52 keV using a variable-energy X-ray calibration 

source. Using Tb and Ba X-rays we clearly observed all three escapes mechanisms in 

the same experiment. However, for Ag, Mo, and Rb only X-ray and photoelectron 

escapes were observed. Finally, photoelectron escape for Cu was investigated for 

comparison with a similar work at 8 keV [8]. 

 The fact that the primary X-ray beam was not monochromatic provided an 

advantage in measuring Ge X-ray escape by allowing us to study this mechanism at a 

large number of energies, but in the case of Compton and photoelectron escape, the 
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stronger of the Kα and Kβ X-rays was considered as the dominant contribution to 

these components of the response functions.  

 This thesis is organized as follows: in Chapter 2 the theory of interaction of 

radiation with matter is given. In Chapter 3 the experimental set-up, electronics and 

details of the source are given, and spectral features are discussed. In Chapter 4 the 

basic principles and details of the present application of the Monte Carlo simulation 

are given. Finally, in Chapter 5 the experimental results are presented and compared 

with the Monte Carlo simulations and other investigations.  
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CHAPTER 2 

 

THEORY 

 

 

2.1 Cross-section, Attenuation Coefficients and Mean Free Path 

 

 In this section we will discuss some concepts and give the definitions of the 

relevant fundamental quantities for the attenuation of a narrow photon beam through 

a material. Cross-section, σ, is defined as the effective area of a target particle for 

intercepting a photon or a unit of particle radiation, resulting in absorption or 

deflection of the incident radiation. Units of cross-section are cm2 or b (barns), where 

1 b = 10-24 cm2. Total cross-section is given by the sum of the most probable 

individual processes by which photons interact with atoms 

 

σtot = σpe+σincoh+σcoh+σpair+σtrip            (2.1) 

 

where σpe is the photoelectric absorption cross-section, σincoh and σcoh are the 

incoherent (Compton) and coherent (Rayleigh) scattering cross-sections, 

respectively, and σpair and σtrip are the cross-sections for electron-positron pair 

production in the field of the nucleus and in the field of the atomic electrons, 
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respectively [27]. Since pair production has threshold above 1 MeV, it does not 

affect the X-ray spectroscopy energy region. 

 A quantity that is often referred to is X-ray linear attenuation coefficient, µ, 

defined as 

µ = Nσ                                      (2.2) 

 

in which N is the total number of target atoms per unit volume. Since µ depends on 

the density of the absorber through which the beam of photons attenuate, this 

dependence is removed by defining the mass attenuation coefficient 

 

µ/ρ (cm2/g) = σtot (cm2 / atom) / [u(g) A]           (2.3) 

 

where u ( = 1.66x10-24 g) = 1/NA, (inverse of Avagadro’s number) is the atomic mass 

unit, and A is the atomic mass of the target element.  

  A collimated photon beam of initial intensity I0 after traversing a thickness x 

of absorber will have transmitted intensity, I, given by the exponential attenuation 

law 

 

I = I0 e-(µ/ρ)x.                                     (2.4) 

 

 Finally, mean free path, λ, is defined as the distance over which the primary 

beam intensity is reduced by a factor 1/e, and is related to attenuation coefficient by 

 

   
µ

λ 1= (cm).                           (2.5) 
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2.2 Interaction of radiation with matter 

 

There are four major processes for the interaction between the incoming 

photons and the target atoms: the photoelectric effect, Compton scattering, coherent 

(Rayleigh) scattering and the pair (and triplet) production. Among the other less-

probable processes is photonuclear interaction that can induce radioactivity. The 

mass attenuation coefficient for the individual interactions and the sum of the former 

three processes for Germanium are shown in Figure 2.1 [28]. As we see, in the 

energy range (13.39 - 51.74 keV) considered in our studies, the major interaction is 

the photoelectric absorption while the total of the two scattering processes is about 

20% of the total cross-section. 
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Figure 2.1: Mass attenuation coefficients for photons in Germanium. 
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The probability of a photon traversing a given amount of absorber without 

any kind of interaction is just the product of the probabilities of survival for each 

particular type of interaction. 

 

2.2.1 Photoelectric Interaction 

 

 In the photoelectric absorption process, an incident photon interacts with an 

absorber atom in which the photon completely disappears and then an energetic 

electron is ejected by the atom from one of its bound shells as shown in Figure 2.2. 

The ejected electron is called a photoelectron. Below energies of about 100 keV the 

predominant mode of photon interaction in all medium and high Z absorbers is the 

photoelectric process. 

 

                                                                                                                    X-ray 

                                                     Atom 

         Ei = hν                                                                                                             

                                                                                            θ 

 

                                                                                                       Photoelectron 

 

                                             Figure 2.2: Photoelectric effect 

 

  An incident photon cannot be totally absorbed by a free electron. However, 

total absorption can take place if the electron is initially bound in an atom. Then the 

recoil of the entire residual atom conserves momentum. As might be expected, the 
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most tightly bound electrons have the greatest probability of absorbing a photon, 

which is incident upon an atom. It is known both experimentally and theoretically 

that about 80 % of the photoelectric absorption process takes place in the K-shell, 

provided that the incident photon energy clearly exceeds the K-shell binding energy 

[29]. So the entire atom participates, the photoelectric process may be visualized as 

an interaction of the primary photon with the atomic electron cloud in which the 

entire photon energy, Ei = hν, is absorbed and an electron (usually K or L) is ejected 

from the atom with an energy 

 

ab
Kipe EEE −=  (or ab

LE )              (2.6) 

 

where ab
KE  is binding energy of the ejected electron. For example, in the case of 

44.47 keV incident Tb Kα1 photons and K-shell of Ge 1αK
iE = 44.47-11.1=33.37 keV. 

 In addition to the ejection of a photoelectron, this process results in the 

isotropic emission of one or more fluorescence X-rays, due to an outer-shell electron 

filling the inner-shell vacancy created by the ejected photoelectron. The fluorescence 

X-ray energy is equal to the difference in binding energy between the participating 

inner and outer electron shells or subshells, hence a fluorescence X-ray spectrum 

consists of a number of discrete lines, each corresponding to one of many transition 

probabilities as shown in Figure 2.3. 

The fluorescence X-rays do not necessarily emerge from the collided atom, 

but can instead dislodge outer electrons, similar in effect to a secondary photoelectric 

absorption. This additional emission of electrons is called the Auger effect, and 

emitted electrons are called Auger electrons. The probability that the primary 
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fluorescence X-ray will escape from the atom without undergoing Auger processes is 

called the fluorescence yield, ωi, in which i refers to the electron shell or subshell 

from which the primary photoelectron was removed [30]. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.3: Atomic energy levels involved in the emission of K and L X-rays. 

 

 At low photon energies, the photoelectrons tend to be ejected in the direction 

of the electric vector of the incident radiation, hence at right angles to the direction of 

incidence. At higher energies, the angular distribution is more in the forward 

direction. The kinetic energy of the photoelectron, Epe, is of course, the same for all 

directions of emission. The angular distribution of the photoelectrons for 

unpolarized, nonrelativistic photons is given as [31] 

 

   P(θ) = k sin2 θ                                     (2.7) 
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where θ is the angle between the momentum vectors of the incident photon and the 

ejected photoelectron. As a photoelectron passes through matter it loses its energy in 

ionizing and radiative collisions. In addition, there is a large number of deflections 

due to elastic scattering.  

 The range, R, of an electron is an experimental concept relating to the 

thickness of an absorber, which the particle can penetrate. It must be recognized that 

the electron’s total path length is a quantity, which is completely different from its 

range, as shown in Figure 2.4. 

 

 

 

   S 

 

                                                        R 

                                       

 

Figure 2.4: Schematic diagram of the path of an electron S and range R.  

 

 The total path length S is measured along the actual path of the electron, 

whereas the range R is the maximum distance reached in the initial direction of the 

electron.  

 The energy deposited within the absorber can be calculated by integrating the 

stopping power equation [32] 

)()( 3
2

cm
g

cm
g

MeV
R

dx

dE pe ρ=             (2.8) 

End of path 

Absorber 

Incident 
electron 
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where    
rad

pe

coll

pepe

dx

dE

dx

dE

dx

dE
��
�

�
��
�

�
+��

�

�
��
�

�
=             (2.9) 

 

The first term on the right side of Eq. (2.9) is due to collisional (excitation and 

ionization) energy loss given by  
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coll
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where  

ν  velocity of the primary particle 

β = ν/c  

N  the number density,  

Z atomic number,  

m0 the electron rest mass  

e the electronic charge  

I the average excitation and ionization potential of the absorber 

Ei in units of MeV. 

 Electron may also lose its energy by radiative processes as well as by 

Coulomb interactions. These radiative losses take the form of Bremsstrahlung or 

electromagnetic radiation. We know classically that any charge must radiate energy 

when accelerated, and the deflections of the electron in its interactions with the 

absorber correspond to such acceleration. The second term on the right side of Eq. 

(2.9) is due to radiative energy loss and is given by  
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)
3
42

ln4(
137

)1(
2

0
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−

cm
E

cm

eZZNE
dx

dE
ii

rad

pe .        (2.11) 

  

The factors of Z2 and Ei in the numerator show that radiative losses are most 

important for high electron energies and for absorbers of large atomic number. 

 It is interesting to note that the ratio of the specific energy losses is given by 

 

   
( )
( ) 700

ZEi

colldx
dE

raddx
dE

pe

pe

≅             (2.12) 

 

For example, taking Ei = Epe = 0.0484 MeV and Z = 32 for Ge, we see that the ratio 

is 0.0022 which clearly shows that at low energies energy loss is mainly due to 

collisions. When dE/dx is a slowly varying function, one can use Eq. (2.8) and the 

tabulated values of R [33] and evaluate the expected amount of energy loss ∆E by a 

photoelectron during its displacement ∆x, or vice versa. 

 

2.2.2 Compton Scattering  

 

 In Compton scattering, the incoming photon is deflected through an angle θ 

with respect to its original direction. The photon transfers a portion of its energy to 

the target electron, which is assumed to be initially at rest. The electron is known as a 

recoil electron. The probability of Compton scattering per atom of the absorber 

depends on the number of electrons available as scattering targets and therefore 

increases linearly with Z. The energy transferred to the electron can vary from zero to 

a large fraction of the photon energy because all angles of scattering are possible. 
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 When the incident photon has an energy hν, which cannot be neglected in 

comparison with the rest mass energy, m0c2, of the electron a new and complicated 

set of phenomena occurs. This incident momentum must be conserved between the 

scattered photon and the struck electron. Except for the trivial case of zero scattering 

angle, the direction of the scattered photon is not parallel to the direction of the 

incident photon. The scattered photon must therefore have a smaller momentum, and 

hence a smaller quantum energy, than the incident photon. The remaining 

momentum and energy are imparted to the struck electron. 

We shall first consider the case in which the struck electron is not only at rest, but 

is also unbound. In practice, this simply limits the theory to those cases for which 

the atomic binding energy of the struck electron is small compared with hν. 

Almost all practical cases fall within this region. If the photon energy is 

comparable with the binding energy of the atomic electrons, the photoelectric 

cross section usually greatly exceeds the Compton scattering cross section. In 

Figure 2.5 Compton scattering is illustrated schematically, where the paths of the 

incident and scattered photon define the scattering plane, and the path of the 

recoiling electron also lies in the same plane.  

 

      Recoil electron         p-momentum 

        Incident photon, Ei = hν          Atom 

                                                                        

                                                                    θ 

                                      Scattered photon 
                                                                                         Ef = hν′ 

 

φ 
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Figure 2.5: Compton Scattering 

Using the momentum and energy conservations, we can write a relationship 

between initial and final photon energies in terms of the scattering angle θ as  

 

)cos1(1 θα −+
= i

f

E
E             (2.13) 

where α = hν/m0c2 is a dimensionless parameter. For small scattering angles θ, very 

little energy is transferred. Some of the original energy is always retained by the 

incident photon, even in the extreme case of θ = π. The kinetic energy of the recoil 

electron is therefore 

 

( )[ ])cos1(1/)cos1( θαθα −+−= ire EE .                    (2.14) 

 

Two extreme cases can be identified: First, If θ = 0, the Eq. (2.14) predicts that iE  ≈ 

fE  and Ere ≈ 0. In this case the recoil Compton electron has very little energy and 

the scattered photon has nearly the same energy as the incident gamma ray. Second, a 

head-on collision in which θ = π. In this case the incident photon is backscattered 

toward its direction of origin, whereas the electron recoils along the direction of 

incidence. The maximum energy can be transferred to an electron in a single 

Compton interaction. For this case the Eq. (2.14) yields, 
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and energy of scattered photon is, 

 

απθ 21
|

+
==

i
f

E
E .            (2.16) 

 

In normal circumstances all scattering angles will occur in the detector. Therefore, a 

continuum of energies can be tarnsferred to the electron, ranging from zero up to the 

maximum predicted by Eq. (2.15). 

 The angular distribution of scattered gamma rays is predicted by Klein-

Nishina [34] formula for the differential scattering cross section dσ/dΩ  
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                 (2.17)  

where r0 is the classical electron radius.  

 However, the initial momentum distribution of bound electrons must be taken 

into account. The energy Ef of the photon after the scattering is related to the 

component of electron momentum parallel to the scattering vector by the following 

expression [35,36] 

 

2
1

)cos2(

)()cos1(
22

2
0
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θ
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EEEEc
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−+

−−−
=          (2.18) 

 

which may be used together with the Compton profile [37], J(Q), in order to find Ef 

orresponding to Ei, pz, and θ. Here Q = -k.p/k and k is the momentum transferred to 
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the electron. Compton profile of Germanium is shown in Figure (2.6).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Total-atom Compton profile 

 

At lower energies, say Ei < 100 keV the Klein-Nishina cross-section needs to 

be modified for electron binding using the incoherent scattering function S(Ei, θ, Z) 

[38,39] reduces the cross-section for small momentum transfers for low-angle 

scattering 
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2.2.3 Coherent Scattering 
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Coherent (Rayleigh or elastic) scattering is the process by which photons are 

scattered by bound atomic electrons without excitation of the target atom, i.e. the 

energies of the incident and scattered photons are the same. Even at energies of 

0.1 MeV and above, elastic coherent scattering by tightly bound atomic electrons 

can be significant in heavy elements. The permissible Rayleigh scattering angles 

are always small, because the recoil imparted to the atom must not produce 

atomic excitation or ionization.  

 When the energy of the incident photon is small compared to the electron rest 

energy, one can write Ef = Ei and Klein-Nishina formula reduces to the Thomson 

expression [40] for elastic scattering 
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Due to the finite size of the atom, coherent scattering cross-section needs to be 

corrected by the form factor F(x, Z) [39], 
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in which x is a momentum transfer variable related to the incident photon energy Ei 

and its subsequent deflection angle θ, and Z is the atomic number of the target atom. 

 

2.2.4 Pair Production 
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 In this interaction, an incident photon with a minimum energy of 1.02 MeV 

(i.e. 2 times m0c2) collides with a nucleus and an electron-positron pair is created. In 

this process, the photon is completely absorbed and in its place appears a electron-

positron pair whose total energy is equal to E and we can write 

 

   Ei = ( T- + m0c2 ) + ( T+ + m0c2 )          (2.22) 

 

where T- and T+ are the kinetic energies of the electron and positron, respectively 

[41]. In these experiments, the photons had maximum energy of 51.74 keV.  

Therefore, pair production process was not possible. 
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CHAPTER 3 

 

EXPERIMENT 

 

 

3.1 Experimental Setup   

 

The experimental setup is shown in Figure 3.1. The photon source was 

located 65 mm above the detector on its main axis. The distance between the front 

surface of the detector and the Beryllium window was 5 mm. 

 

 

Figure 3.1: Experimental setup (F: Filter, S: Source, C: Collimator, 

           D: Detector, Be: Beryllium window) (not to scale). 
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Two lead collimators (2 mm thick), located at the bottom and at the top of the 

brass source holder, were used. The top collimator was used to minimize the number 

of photons reaching the detector after being scattered from the source holder, while 

the bottom collimator defined the desired solid angle. An Al filter with 0.5 mm 

thickness was placed directly under the source in order to filter out, whenever 

necessary, the low energy L X-rays from the point source. 

 

3.2 Details of the Source 

 

A variable-energy calibration source (Amersham, code AMC. 2084) was 

used. Photons with 59.5 keV energy from an 241Am point source were used to excite 

the target elements Rb, Mo, Ag, Ba, and Tb in the calibration source. The excited 

elements produced X-rays in the energy range ~13.39 – 51.74 keV. The most 

commonly seen X-ray lines are given in Table 3.1, where Kab is the binding energy 

of the K-shell electron. The most probable X-rays Kα1, Kα2, Kβ1, and Kβ2 are shown 

in Figure 2.3. The energies of the source X-rays are given in Table 3.2. 

 

Table 3.1: Prominent lines in X-ray fluorescence 

 

Line Transition 

Kα1 L3 → K 

Kα2 L2 → K 

Kβ1 M3 → K 

Kβ2 N2, N3 → K 
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Table 3.2: The energies of the source X-rays 

 
 

Ei (keV) 
 

1αK
iE  2αK

iE  1βK
iE  

2βK
iE  

Rb 13.39 13.34 14.96 15.13 

Mo 17.48 17.37 19.60 19.96 

Ag 22.16 21.99 24.94 25.45 

Ba 32.19 31.82 36.38 37.26 

Tb 44.47 43.74 50.40 51.74 

 

 
3.3 Germanium Detector Characteristics  

 

A planar high-purity Germanium detector (HPGe) was used in our 

experiments. Configuration of a planar HPGe detector is shown in Figure 3.2. The 

detector (Canberra, Model 3502) had 10 mm thickness, 16 mm active diameter and  

200  mm2 active area. 

 

 

Figure 3.2: Configuration of the HPGe detector 
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When radiation falls on the crystal, electron-hole pairs are produced. These 

are collected by the electrods and a signal is obtained across the resistance. The 

signal is amplified and used to charge a capacitor. The discharging time of the 

capacitor designates the energy channel in which the event is recorded.  

The most important property of semiconductor detectors is their favorable 

energy resolution which depends on number of electron-hole pairs produced by the 

radiation. The electron-hole pairs should be free to move in the detector and reach 

the electrods. The energy resolution depends partly on the noise sources in the 

detector and on the charge collection. If the detector contain traps produced by 

crystal defects and impurities, the electrons are captured by them before reaching the 

electrods. High-purity detector material is used in order to minimize this problem. 

Complete charge collection is obtained by ensuring a large electric field over the 

sensitive detector volume, while detector noise contributions mainly result from 

surface leakage current. The prevention of recombination and trapping and extent of 

the surface leakage current thus depend on the bias voltage applied to the detector. In 

our experiment we applied –500 V to our detector.  

Due to the large thermal generation rate of hole-electron pairs by excitation 

of electrons across the band gap, operation of germanium detectors at room 

temperature is impossible. So we used liquid-nitrogen to cool the system. 

 

3.4 Electronics 

 

Standard electronic equipment and pulse-processing units were used as 

shown in Figure 3.3. 
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Figure 3.3: Electronic equipment 

 

3.4.1 Preamplifier 

 

When the liberated charge by the incident radiation is small, it is impractical 

to deal with the signal pulses without an intermediate amplification step. The first 

part in a signal-processing chain is, therefore, often a preamplifier as an interface 

between the detector and the pulse-processing. One function of the preamplifier is to 

terminate the capacitance quickly and therefore to maximize the signal-to-noise ratio.  

The preamplifier provides no pulse shaping, and its output is a linear tail pulse. The 

rise time of the output pulse is kept as short as possible, consistent with the charge 

collection time in the detector itself. The decay time of the pulse is made quite large, 

so that full collection of the charge can occur. 

 
H.V. 

Power Supply 
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Detector 
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Amplifier 
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3.4.2 Amplifier 

 

Amplifier input-port is connected to the signal source, which produces the 

signal as some low-amplitude, low-power time function. The device delivers the 

same signals, at higher amplitude and power level, to a load connected to its output 

port. The main amplifier amplifies the signals in order to be ready for the multi-

channel pulse height analyzer to rearrange the pulse height of the peaks. 

 

3.4.3 Analogue-to-Digital Converter (ADC) 

 

ADC is based on the conversion of a pulse of given amplitude into a number 

of equal time intervals by means of a clock pulse generator. The input signal is first 

lengthened by means of a suitable pulse stretching circuit. When the pulse amplitude 

reaches its maximum value, a capacitor can be charged which is then linearly 

discharged. Simultaneously, a linearly rising waveform and a clock oscillator is 

started. At the moment the voltage of both pulses becomes equal, the clock oscillator 

is disconnected. The number of clock pulses during the time interval is proportional 

to the original pulse amplitude. These time intervals can be counted with a high 

precision, and each number is allocated to one channel. The time for discharge is 

then used as a measure for the pulse amplitude (i.e. photon’s energy). 

 

3.5 Spectral Features 

 

The interaction mechanisms of X-rays with the detector material are shown in 

Figure 3.4, where only the escape routes through the front surface were indicated.  
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       Figure 3.4: Interaction mechanisms of X-rays with Ge atoms (not to scale) 

 
 
 

In order to illustrate the features due to major interactions of incident 

photonswith the detector a  pulse height spectum is given in Figure 3.5. 
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                           Figure 3.5: Typical spectrum showing FEP’s and all the escape events. 
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The full-energy peaks and the escape peaks/distrubutions in Figure 3.5 are 

best explained in terms of “escape” and/or “absorption” labeled as (-) and (+), 

respectively as presented in Table 3.3.  

 

Table 3.3: Analysis of the spectrum 

 

 
 
 

3.5.1 Full-Energy Peaks 

 

Some of the incident photons interact with the germanium atoms and lose all 

or part of their energy in atomic processes. Ideally, an incoming photon is expected 

to deposit all of its energy into the detector. This event is described by (++)  namely, 

both photoelectron and Ge X-ray, produced by incident photon, were absorbed. In 

this case the full-energy peaks (FEPs) are obtained as shown in Figure 3.5. Each 

peak is defined by the α or β label according to its origin. 

It should be noted that for Cu, Rb and Mo X-rays Kα1 and Kα2, and Kβ1 and 

Kβ2  peaks are close together in energy because of the limited energy resolution of the 

detector. They were observed as two peaks which we labeled Kα and Kβ. 

Primary 
photon X-Ray Photoelectron Event 

 + + FEPs 

 - + X-Ray escape 

 + - 
Photoelectron escape with energy 

range ( ab
KE  or i

ab
L EE − ) keV 

-   Compton or coherent escape 
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The full width at half maximum (FWHM) is defined as the width of the 

distribution at a level that is just half the maximum ordinate of the peak. The energy 

resolution of the detector is conventionally defined as the FWHM divided by the 

energy of the peak centroid. The energy resolution is thus a dimensionless fraction 

conventionally expressed as a percentage. It should be clear that the smaller the 

figure for the energy resolution, the better the detector will be able to distinguish 

between two radiations whose energies lies near each other. The dominant 

characteristic of germanium detectors is their excellent energy resolution. In this 

experiment, the FWHM values of Kα1, Kα2, Kβ1, and Kβ2  peaks of Tb X-rays were 

0.39, 0.39, 0.45, and 0.46 keV, respectively. 

  

3.5.2 Ge X-Ray Escape 

 

Characteristic X-ray escape event is described by (– +). That is, Ge X-ray 

escapes but the photoelectron ejected during the photoelectric interaction remains 

(loses its energy) inside the detector. In this case the Ge X-ray escape peaks are 

obtained as shown in Figure 3.5. If the resolution is good, two escape peaks are 

observed for each FEP. The energies of the escape peaks correspond to Ei – EKα and 

Ei – EKβ, where Ei is the initial energy of the photon and EKα and EKβ are the energies 

of Ge Kα and Kβ X-rays. 

In our investigations, the energy range of X-ray escape peaks was between 

3.5 keV and 40.7 keV. A complete list of the energies of X-ray escape peaks for the 

incident photons are given in Table 3.4., regardless of the resolution obtained at a 

particular energy. 
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Table 3.4: Energies of X-ray escape peaks (in keV) 

 

 1αK
iE  2αK

iE  1βK
iE  2βK

iE  

 EKα EKβ EKα EKβ EKα EKβ EKα EKβ 

Rb 3.5 2.4 3.5 2.4 5.1 4.0 5.3 4.1 

Mo 7.6 6.5 7.5 6.4 9.7 8.6 10.0 9.0 

Ag 12.3 11.2 12.1 11.0 15.1 14.0 15.6 14.5 

Ba 22.3 21.2 22.0 20.8 26.5 25.4 27.4 26.3 

Tb 34.6 33.5 33.9 32.8 40.5 39.4 41.8 40.7 

 

 

3.5.3 Compton Escape 

 

This event is described by (-) in Table 3.3 where (-) describes escape of 

primary X-ray after Compton scattering. Compton interaction is purely a kinematic 

collision between the photon and an electron in the crystal that is either free or 

loosely bound as seen in Figure 2.5. Incoming photon pass through detector in some 

depth and scatters from a free or loosely bound electron after single (or multiple) 

interaction. The most probable way to escape is through a conical region around 

1800, namely, after bouncing off the electron. The recoil electron is assumed to be 

absorbed locally. The energy of the recoil electron can be calculated by semi-

emprical formula which was given in Chapter 2 for free electron. In our experiment, 

the energy range of the recoil electrons is between 1.1 - 8.7 keV. Compton escape 

peaks could not be observed for low-Z elements like Mo and Ag, in this experiment, 

since Compton interaction has much smaller probability at the lower energies. The 

energy of Compton electrons and Compton X-ray escapes are given in the Table 3.5. 
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Table 3.5: The energies of Compton recoil electrons and  Compton- 

         scattered X-rays for 180-degree scattering (in keV). 

 

 

3.5.4 Photoelectron Escape  

 

Finally, this event is described by (+ –), namely, the photoelectron escapes 

but Ge X-ray is absorbed. Incoming photon enters the detector and interacts 

primarily with the bound Ge K-shell electrons. Essentially, the photon gives all of its 

energy to the bound electron and knocks it out of the atom with an energy 

ab
Kipe EEE −= . Since ab

KE  is about 11.1 keV for the Ge K-shell, we can see that the 

photoelectron has most of the energy. The energies of the photoelectrons for the 

incoming photons are given in Table 3.6. The photoelectron can loss its energy by 

either radiation or collision process according its energy. Figure 3.6 shows that the 

photoelectrons with energies in the range 6.4 - 40.6 keV lose their energies mainly 

by inelestic collisions in the detector. 

 

 Compton recoil electrons Compton-scattered X-rays 

 1αK
reE  2αK

reE  1βK
reE  2βK

reE  1αK
fE  2αK

fE  1βK
fE  2βK

fE  

Mo 1.1 1.1 1.4 1.5 16.4 16.3 18.2 18.5 

Ag 1.8 1.7 2.2 2.3 20.4 20.3 22.7 23.2 

Ba 3.6 3.5 4.5 4.7 28.6 28.3 31.9 32.5 

Tb 6.6 6.4 8.3 8.7 37.9 37.3 42.1 43.0 
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Table 3.6: The energies of photoelectrons 
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Figure 3.6: Stopping power for electrons 

 

The photoelectron leaves almost all or part of its energy in the detector during 

this process. So, photoelectron escape distributions stretch out from 11.1 to 40.6 keV 
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Ag 11.1 10.9 13.8 14.4 
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Tb 33.4 32.6 39.3 40.6 
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as seen in the Figure 3.5. The distribution (spectrum) is highly asymmetric which is 

represented by a Gaussian function on the low-energy side, but with an exponential 

on the high-energy side. 
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CHAPTER 4 

 

MONTE CARLO SIMULATION 

 

 

The principle of Monte Carlo method is based on simulating a great number 

of individual photons passing through detector material [42]. If one knows all 

relevant probabilities for the atomic interactions in the “life history” of a photon, the 

Monte Carlo method can be applied to predict the outcome of these processes. The 

program followed the history of a large number of photons from each target element. 

The output was tested for the effect of the number of incident photons and an 

optimum value of 106 was obtained. On a Pentium III (450 MHz) computer, typical 

run time was about 45 minutes. 

A photon is characterized by its energy, position and direction coordinates. 

Space coordinates (x, y, z) were used for position of each photon together with 

direction cosines (u, v, w) for its direction of flight: 

 

αcos=u                                    (4.1a) 

βcos=v                                                        (4.1b) 

γcos=w                                                                (4.1c) 

 

where                          π ≥ α, β, γ ≥ 0 and
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   1,,1 −≥≥ wvu . 

Note that  1222 =++ wvu .                         (4.2)                                      

 In order to determine the location of the first collision, we make use of the 

attenuation law  

 

)(dlnNdn σ−=               (4.3) 

 

for a beam of n0 particles. Eq. (4.3) has the solution 

 

)exp(0 lNnn σ−=               (4.4) 

 

where n is the number of particles remaining in the beam after traversing a distance l  

in the detector material. It is supposed that  

 

[ ] )()exp()( dlNlNdllP σσ−=              (4.5) 

 

is the probability for a first collision between l  and dll + , and 

 

)exp(1)()exp()(
0

lNdlNlNlP
l

σσσ −−=−= �            (4.6) 

 

is the probability distribution function for a first collision at distance l≤ . It follows 

that the Monte Carlo determination of distance l  from an arbitrary point of departure 

to first collision, assuming the detector material homogeneous and infinite must be  
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)/exp(1)( λllPr −−==               (4.7) 

 

where r is a random number defined in the same interval as P( l ), i.e. 10 ≤≤ r . Thus 

l  can be written as  

 

l  = - λ ln (1-r) .                         (4.8) 

 

Since 1-r is equidistributed on 10 ≤≤ r , we may use simply 

 

l  = - λ ln r.                          (4.9) 

 

Eq. (4.9) was used not only to determine the location of the first collision 

from the front surface of the detector, but also to find the distance between 

successive collisions. 

The final direction parameters (i.e. direction cosines) of a Ge X-ray or a 

scattered-photon in the laboratory system were given by  

 

au
w

bdvbcwu
u +

−

−=′
)1(
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2

         (4.10a) 
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w

bdubcwv
v +

−

+=′
)1(
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2

                    (4.10b) 

awwbcw +−−=′ )1( 2                     (4.10c) 

 

where u , v  and w  are the direction cosines of the incident line of flight (Eqs. 4.1a, 

4.1b, and 4.1c), and 
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φcos=a                       (4.11a) 

   )1(sin 2ab −== φ                      (4.11b) 

   δcos=c                       (4.11c) 

signd (sin == δ of δ ) )1( 2c−      πδπ ≤≤−       (4.11d) 

    

where φ  is the scattering angle (or emission angle for the Ge X-rays) with direction 

of the incident line of flight, and δ  is the azimuthal angle uniformly distributed on 

πδπ ≤≤− . 

 When w  is too close to unity, the following equations are used: 

 

bcu =′                       (4.12a) 

   bdv =′                       (4.12b)

   aww =′ .                      (4.12c) 

  

When the new direction cosines for the scattered photon (or emitted X-ray) are 

found, the location of the next interaction can be found by 

 

luxx ′+=′                       (4.13a) 

lvyy ′+=′                       (4.13b)  

lwzz ′+=′                       (4.13c) 

 

where l  is given in Eq. (4.9).  

In the case of the point source the initial direction and point of entrance of the 

photon into the detector were determined by random sampling from the uniform 
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distribution within the range allowed by the collimator. First the coordinates of the 

entrance point into the detector were found, and then the mean free path of the 

photon in Ge [14, 29, 43] was used, along with a random number, to determine the 

location of the first interaction. If the location of the first interaction of the gamma 

ray is outside the detector the photon is presumed to escape without interaction and 

the history of the photon is terminated. On the other hand, if the location of the first 

interaction is inside the detector the photon is assumed to have undergone an 

interaction. 

The types of interactions considered for the photons with a Ge atom were the 

photoelectric effect, Compton scattering and coherent scattering. Using the 

corresponding cross-sections [29] and a random number the type of the first (second, 

third etc.) interaction was determined.  

In the case of photoelectric effect, the history of Kα or Kβ X-rays, having the 

energies of 9.876 keV and 10.983 keV with relative intensities of 0.884 and 0.116 

[29] were followed, assuming isotropic emission. If a Kα X-ray, with the mean free 

path of 45 µm, or a Kβ X-ray, with the mean free path of 60 µm was still inside the 

geometrical boundaries of the detector, it was assumed to be absorbed, and a full-

energy peak event was registered. Otherwise, an event for Kα and Kβ escape was 

recorded. All other X-rays from higher shells and Auger electrons were assumed to 

be absorbed completely due to small mean free paths. 

The history of the photoelectrons was followed using the angular distribution 

that is proportional to sin2θ for nonrelativistic electrons [31]. The photoelectrons that 

escaped from the detector were recorded regardless of the amount of energy 

deposited prior to escape.  
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 In the case of an inelastic scattering, that is the Compton effect, the angle of 

scattering was determined using the Klein-Nishina differential cross-section formula 

corrected by the scattering factor, Eq. (2.19), along with a random number. Using the 

scattering angle and the azimuthal angle, chosen randomly from a uniform 

distribution, the new direction of the photon and the location of the next interaction 

were determined. If the interaction point was outside the detector, the incident 

photon was said to have escaped after depositing only a part of its energy. If, on the 

other hand, the photon was still within the detector, the second interaction, at the new 

energy obtained from Eq. (2.18), was considered. The recoiling electron was 

assumed to be absorbed locally.  

 Finally, in the case of elastic scattering, the angle was determined randomly 

from the Thomson cross-section corrected by the form factor, Eq. (2.21). 
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CHAPTER 5 

 

DISCUSSION AND CONCLUSIONS  

 

 

The pulse-height distributions, i.e. spectra, of Tb, Ba, Ag, Mo, Rb, and Cu are 

presented in Figs. 5.1-5.6. All spectra were analyzed using a peak-fitting program 

(Jandel Scientific, 1989). In the case of spectra with adequate resolution all FEPs, i.e. 

Kα1, Kα2, Kβ1 and Kβ2, and their escape peaks were fitted by individual Gaussian 

distributions. Otherwise, X-ray lines with energies that are very close to each other, 

for example Kα1 and Kα2, were represented by a single peak centered at the weighted-

average energy. Compton-escape was represented, approximately, by a Gaussian 

distribution. Exponentially modified Gaussian distribution was used to find the area 

under the photoelectron escape component. Figures 5.7-5.11 show the details of the 

peak-fitting procedure for various parts of Ba spectrum. 

  

5.1 X-Ray Escape Fractions 

 

X-Ray escape fractions, PXα = I(Kα)/I(FEP) and PXβ = I(Kβ)/I(FEP), as a 

function of the incident photon energy are given in Table 5.1. We compared our 

results with other analytical calculations and Monte Carlo simulations [14,15], which 

were in good agreement with the earlier measurements [12]. Also given in Table 5.1
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are the results of a recent study [17], which are generally higher than the rest. We 

believe this was because of detector efficiency corrections, which were not needed. 

Table 5.1 also gives the results of our recent [4] experiments and Monte Carlo 

calculations at 59.54 keV (241Am). As can be seen, the ratios PXα and PXβ both 

decrease with increasing incident energy. This can be attributed to the fact that while 

the mean free paths of Ge X-rays remain the same (45µm for Kα and 60 µm for Kβ), 

the depth at which they originate increases from 15 µm to 600 µm with increasing 

energy. A close examination of Table 5.1 shows that the agreement between our 

results and other experimental and Monte Carlo studies is very good. 

 

5.2 Compton Escape Fractions 

 

Escape of incident photons following Compton scattering was observed for 

Tb and Ba with rather broad distributions centered at about 5.3 keV and 3 keV, 

respectively. These energies correspond to escape of incident photons after a 180-

degree scattering, as expected, since it allows the shortest path for escape. Table 5.2 

gives the experimental escape fractions, Pcom = I(Compton)/I(FEP), along with 

Monte Carlo calculations, as well as the results at 59.54 keV [4] and of other works 

[2,15]. Contrary to the case with X-ray escape fractions, we were able to give only 

the total counts under the escape component divided by the total area under all FEPs. 

The decrease in the ratio as a function of decreasing energy was expected since the 

photoelectric cross-section becomes larger compared to that of Compton scattering. 

The agreement between measured fractions and the Monte Carlo simulations was 

quite good. 
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5.3 Photoelectron Escape Fractions 

 

Perhaps the most interesting part of this study was the escape of 

photoelectrons originating from K-shell and/or L-shell of Ge depending on the 

energy of the incident photons. Figure 5.1, 5.2 and 5.3 show the photoelectron escape 

component of the response function for the incident Tb, Ba, and Ag K X-rays. In the 

case of Ge K-shell photoelectrons with ranges 6.7 µm, 3.2 µm, and 0.2 µm [33,44] 

for Tb, Ba, and Ag, respectively, the distribution due to partial deposition of energy 

is expected to start at about 11 keV and extend up to the FEPs. The cut-off 

corresponds to the energy of Ge Kabs. 

In the case of incident Mo and Rb X-rays, Figure 5.4 and 5.5, the distribution 

due to escape of Ge K-shell photoelectrons is obscured by the tail due to escape of 

Auger electrons and incomplete charge collection, while the role of L-shell 

photoelectrons becomes evident. L-shell photoelectron escape is seen in the Mo 

spectrum, starting at the L-shell edge energy (about 1.2 keV) of Ge. There is also a 

clear indication of such a distribution for Rb just below the X-ray escape peaks. 

Figure 5.6 shows Cu spectrum which was taken for the purpose of comparison with 

55Fe (Mn X-rays) spectrum studied by Campbell et al. [8]. The interaction between 

the incident X-rays and Ge is now dominated by the L-shell electrons [29]. The 

escape of Ge L-shell photoelectrons produces a distribution starting around 1.2 keV 

which is similar to those of Mo and Rb, but more prominent. As we see from Table 

5.3, escape fractions, Ppe = I(pe)/I(FEP), are generally higher than Monte Carlo 

predictions. Simulations underestimate escape of photoelectrons by a factor of two 

for Ag K X-rays, but it worsens as incident energy increases. This observation is by 

no means new. For example, in one of the earliest attempts [19] the low-energy 
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tailing of the Ti K X-ray spectrum was observed to be ten times higher than that of 

Monte Carlo prediction. Similar discrepancies have also been reported by He et. al. 

[20]. More recently Campbell et al. [8] have commented that the ratio of the shelf 

intensity, at L-shell binding energy of Ge, to the main peak (i.e. FEP) is in close 

agreement for 2-and 3-keV photons, but at 7 keV this ratio approaches 1.5 in favor of 

the experiment. Finally, a study by Lowe [10], despite its success in estimating the 

spectral contribution of primary and secondary electrons, underestimated the overall 

intensity for L-sell photoelectron escape from a Ge detector at 5.9 keV. 

To summarize, an analytical or Monte Carlo model which would give not 

only the correct positions but also the shapes, heights and intensities of the shelves 

for both Si and Ge detectors and for a wide range of incident energies seems to be an 

optimistic expectation. The effect of pulse shaping is perhaps a major factor 

influencing the spectral features of particularly the photoelectron escape. Since our 

Monte Carlo calculations were based purely on geometrical considerations, our 

results should be taken as a lower limit for the escape of photoelectrons. 

In conclusion, we made a comprehensive study of partial energy loss 

mechanisms for a detector as a function of energy, and analyzed each mechanism 

both qualitatively and quantitatively. In light of the wide range of energies 

considered and the interactions studied, the overall agreement between our study and 

the published works cited here is quite reasonable. 
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Table 5.1: Ge X-ray escape fractions (in %). 

 

  Our Experiment Our Monte Carlo Chan [15] MC. Durak [17] Exp. Christensen [12] Seltzer [14] MC 

X-ray line E (keV) PXα PXβ PXα PXβ PXα PXβ PXα PXα  

Calc. 
PXα  

Exp. 
PXβ  

Calc. 
PXβ  

Exp. PXα PXβ 

Rb Kα 13.37 13.0±0.05 1.8±0.02 12.5 1.9 12.2 1.7  13.6 13.0 2.0 2.1 11.9 1.8 

Rb Kβ 15.02 11.2±0.1 1.8±0.04 12.5 1.9 10.8 1.5      10.5 1.8 

Mo Kα 17.44 9.2±0.1 1.6±0.04 10.8 1.6 9.0 1.3 10.9 9.4 9.0 1.5  8.8 1.5 

Mo Kβ 19.73 7.6±0.2 1.6±0.08 7.6 1.2 7.2 1.1 10.5     7.1 1.2 

Ag Kα 22.10 6.2±0.02 1.2±0.01 6.6 1.1 6.2 1.0 6.5 6.2 6.1 1.1 1.1 6.0 1.1 

Ag Kβ 25.11 4.5±0.03 0.8±0.01 5.0 0.8 4.9 0.8 6.7     4.8 0.8 

Ba Kα 32.06 2.6±0.01 0.5±0.004 2.6 0.5 2.8 0.5 2.6     2.7 0.5 

Ba Kβ 36.67 2.2±0.02 0.4±0.007 2.0 0.34 2.0 0.3 2.6     1.9 0.4 

Tb Kα 44.22 1.1±0.01 0.2±0.003 1.2 0.2 1.2 0.2      1.2 0.2 

Tb Kβ 50.84   0.8 0.15 0.8 0.13      0.8 0.15 

γ-ray [16]               

241Am 59.54 0.53±0.01 0.08±0.003 0.48 0.09 0.51 0.09      0.50 0.1 
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Table 5.2: Compton and coherent escape fractions. 

 

 

 

 

 

Table 5.3: Photoelectron escape fractions. 

 

Ppe (%) 
X-ray line Experiment  Monte Carlo Exp/MC 

Ag 0.60 ± 0.004 0.32 2 
Ba 1.60 ± 0.006 0.32 5 
Tb 1.40 ± 0.007 0.28 5 

γ-ray [16]    
241Am 1.60 ± 0.01 0.22 7.4 

 

 

 

 

 

  PCom (%) Pcoh (%) 

X-ray line E (keV) Our Exp. Our MC Chan [15] Martin [2] Our MC Chan [15] 

Rb Kα 

Rb Kβ 

Mo Kα 

Mo Kβ 

Ag Kα 

Ag Kβ 

Ba Kα 

Ba Kβ 

Tb Kα 

Tb Kβ 

13.37 
15.02 
17.44 
19.73 
22.10 
25.11 
32.06 
36.67 
44.22 
50.84 

 
 
 
 
 
 

0.12 ± 0.002 
 

0.37 ± 0.004 
 

0.02 
0.03 
0.05 
0.07 
0.09 
0.12 
0.22 
0.31 
0.50 
0.68 

0.02 
0.03 
0.05 
0.06 
0.06 
0.09 
0.18 
0.21 
0.41 
0.51 

 
 
 

0.04 
 
 

0.15 
 

0.35 
 

0.05 
0.09 
0.10 
0.11 
0.10 
0.10 
0.11 
0.12 
0.11 
0.12 

0.06 
0.06 
0.06 
0.07 
0.09 
0.10 
0.12 
0.09 
0.08 
0.09 

γ-ray [16]        
241Am 59.54 0.70 0.91 0.80 0.80 0.11 0.10 
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APPENDIX A 
 
 

The flowchart of the program 
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