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Preface

Radiation physics and engineering have reached a central importance role for several
different areas of application. For example scattered radiation can be used for a non
destructive analysis of materials composition and properties. Radiation emitted by
a star can be measured for understanding its composition, cosmological events like the
supernovae can be studied using their emitted radiation. Central importance of radiation
physics and engineering can not be discarded also in biomedical applications like X-ray
radiography and the treatment of cancer diseases.

A detailed description of the mechanism into which the radiation interacts with
a media is of fundamental importance for properly understand a radiation measure.
Moreover Radiation measures need to be corrected from the measuring system effects
which can lead to a loss of information.

In this thesis it is reported the most important results collected during this PhD
course in the field of radiation physics and engineering.

The thesis is organized in two chapters. The first one reports the work done during
the Marco Polo project under the supervision of Prof. Francesc Salvat of the Univer-
sity of Barcelona. This chapter presents the theory and the calculation of the atomic
photoeffect differential and total cross sections done for improving the already existing
libraries.

The second chapter reports the work done under the supervision of Prof. J.E. Fer-
nandez at the University of Bologna regarding the unfolding of radiation measurements
from the measuring system effects.

Both the chapters begin with a detailed introduction of the specific topic and are
organized in subsections. The results reported in this thesis were also published in the
following papers:

1) Theory and calculation of the atomic photoeffect” [I]

2)”First principles Pulse Pile-Up balance equation and fast deterministic solution” [2].
3)”Multi-shape pulse pile-up correction, the code MCPPU” [3],

4)” A modelling tool for energy resolution and incomplete charge collection” [4],

5)” Improvement of the detector resolution in X-ray spectrometry by using the maximum
entropy method” [5],
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Chapter 1

Theory and calculation of the
atomic photoeffect

In the photoelectric effect, or photoeffect, a photon is absorbed by a target atom and,
as a result, an atomic electron is emitted or promoted to a bound open orbital thus
leaving the residual ion or atom in an excited state. The latter subsequently decays
to its ground state through a cascade of radiative and non-radiative transitions with
emission of characteristic x rays and Auger electrons. For photons with intermediate
and low energies, the photoeffect dominates the transfer of energy from the photon field
to charged particles. The so-called elementary theory of the process has been described
by Pratt et al. [6] and by Scofield [7]. In their formulation the states of the atom
are approximated by a model of independent electrons in a common central potential,
and the interaction between the target atom and the electromagnetic field is treated
as a perturbation to first order. This approach neglects electron correlations, i.e., the
collective character of the response of atomic electrons to the external field. Correlation
effects have been studied by many authors using a variety of theoretical methods such
as the random-phase approximation [§], many-body perturbation theory [9], R-matrix
perturbation theory [I0], and the time-dependent local-density approximation [11, [12]
13]. Calculations with these methods are quite involved, and numerical results have
been published only for specific atoms and limited energy ranges.

Quantitative information on the photoeffect is required for practical applications
(e.g., x-ray fluorescence, x-ray photoelectron spectroscopy), as well as for Monte Carlo
simulation of photon transport. Numerical tables of subshell cross sections (for ioniza-
tion and for excitation to bound levels) and atomic cross sections are included in the
Evaluated Photon Data Library (EPDL) [14]. The XCOM program [15] gives atomic
cross sections for photoionization essentially equivalent to those in the EPDL. Both the
EPDL and XCOM databases are based on calculations performed by Scofield [7] us-
ing the independent-electron model with the self-consistent Dirac-Hartree-Fock-Slater
(DHFS) potential. They are considered to be the most reliable source of general infor-
mation available to date; indeed, practically all modern Monte Carlo codes for photon
transport utilize the EPDL. A systematic comparison of Scofield’s cross sections with
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experimental data has been made by Saloman et al. [16]. It is worth mentioning that
the theory, as well as the numerical tables calculated from it, apply to free atoms. Dif-
ferences are to be expected for molecules and solids, particularly near absorption edges,
partly because of aggregation effects on the atomic potential and also because of the
EXAFS effect (extended x-ray absorption fine structure) [17].

Calculations based on approximate independent-electron models, such as the DHFS
model, are affected by possible inaccuracies of the adopted central potential. A simple
strategy to account for inaccuracies in the atomic potential is provided by the normaliza-
tion screening approximation of Pratt and co-workers [18] [19, 20} 6]. According to this
approximation, the subshell cross sections calculated from the DHFS potential and from
a more elaborate atomic model (e.g.., the multi-configuration Dirac-Fock self-consistent
model implemented in the program of Desclaux [21], 22]) differ essentially by a constant
factor, which is equal to the ratio of electron densities near the nucleus. That is, in
principle, one can improve the DHFS cross sections by multiplying them by an energy-
independent factor, which is readily obtained from atomic-structure calculations that
are more elaborate than the DHF'S ones.

The angular distribution of photoelectrons is needed in x-ray photoelectron spec-
troscopy, using either x rays or synchrotron radiation [23, 24], 25], as well as in radiation
transport calculations [26] 27]. Surprisingly, information on the angular distribution of
photoelectrons, consistent with the subshell cross sections, is quite limited, or unavail-
able (see, e.g., Ref. 28] and references therein). As a matter of fact, most Monte Carlo
photon transport codes still rely on the Sauter formula [29], which gives the differential
cross section for the ground state of hydrogenic ions obtained from the plane-wave Born
approximation. The most elaborate tables of angular distributions available for all sub-
shells of the elements are those given by Trzhaskovskaya et al. [30, BT, 28], which were
calculated within the quadrupole approximation and parameterized using the formulas
proposed by Cooper [32] [33]. These tables apply to unpolarised and linearly polarized
photons and cover the energy range from 100 eV to 5 keV. Theoretical studies of angular
distributions for soft-x-ray absorption by Derevianko et al. [34] and Amusia et al. [35]
revealed the importance of higher-multipole corrections.

In the present chapter it will be described the elementary theory of the photoeffect
in a concise but complete form, organized so as to allow systematic evaluations of cross
sections for both ionization and excitation to bound levels. Following Scofield and
others, it will be considered a model of independent electrons in the DHF'S self-consistent
potential. Although Scofield’s numerical results are known to be fairly accurate, the
size of his database is moderate and, in some energy ranges, the grid energies are too
widely spaced to ensure that interpolation errors are less than the numerical accuracy
of the tabulated data. Nowadays, instead of interpolating from a limited database,
subshell ionization cross sections can be calculated interactively, even on modest personal
computers, using numerical algorithms that are highly accurate. Thanks to the Marco
Polo program, which allowed the author of this work to have an important collaboration
with Prof. F. Salvat of the University of Barcelona, it was written a robust, flexible
Fortran program, named PHOTACS [I]. PHOTACS calculates subshell cross sections for
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arbitrary atomic potentials. The calculations converge for excitation to levels with
principal quantum number up to about 20 and for ionization by photons with energies
up to about 2 MeV. Results from the program do confirm the accuracy of Scofield’s data,
but also reveal near-threshold features that are invisible in Scofield’s database because
of the large spacing of its energy grid. PHOTACS [I] includes tables of theoretical and
empirical atomic level widths and allows the calculated subshell cross section (excitation
plus ionization) to be transformed into a continuous function of the photon energy,
through a convolution with a Lorentzian line profile. Once the photoemission cross
section for a given photon energy is calculated, the angular distribution of photoelectrons
can be obtained with little additional effort because radial integrals, which take most
of the numerical work, were already computed to obtain the cross section. The code
PHOTACS optionally calculates the angular distribution of photoelectrons emitted as a
result of the absorption of partially polarized photons in a given subshell. Arbitrary
photon polarization is described by means of the density matrix expressed in terms of
the Stokes parameters.

The chapter is organized as follows. Section [l.1|presents an overview of the theory of
the photoeffect. It is described a systematic extrapolation scheme to account for excita-
tions to bound levels near the ionization threshold, as well as an analytical formula for
extrapolating the photoionization cross section to arbitrarily high energies. Finally, the
effect of the finite width of atomic energy levels and the normalization screening correc-
tion are considered. Photon polarization is described by means of the density matrix and
the associated Stokes parameters. In Section it is derived general formulas for the
angular distribution of photoelectrons released by photons with arbitrary polarizations.
The practical calculation of cross sections and photoelectron angular distributions is
considered in Section [1.3] which contains a brief presentation of the program PHOTACS
and results from several illustrative calculations.

1.1 Theory

1.1.1 The Dirac Equation for an electron in a central potential
field

The one-electron Dirac Hamiltonian for a central potential V(1) [36] can be expressed
as:

H=céa-p+pm?+V(r), (1.1.1)

where c is the speed of light, m, the mass of the electron, p = —ihV the momentum
operator, and «, 3 are the Dirac 4x4 matrices in the spinor representation,

0 o ~ IQ 0
a= . f= . (1.1.2)
o0 0 —[2
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The 2x2 matrices o = (07, 09, 03) are the Pauli matrices,

01 0 —i 10
= , oy = , o3 = (1.1.3)
10 i 0 0 -1
and I is the identity matrix of rank two. The Dirac equation takes the form of:
.0
17’15\11(1‘,25) = HV(r,t), (1.1.4)

were the solution W(r,t) is the so called Dirac spinor, i.e. a wave function with four
components:

r,t

U(r,t) = (1.1.5)

-
~+~
~— — —

=
~

(
(
Uy
(
It is convenient to represent this vector as a bi-spinor:

U(r,t) = (111[:((:;))) (1.1.6)

which is a matrix of two lines and one row where the components are two spinors:

U, (r,t) = (i;gi’g) , Uy(r,t) = (iig’g) : (1.1.7)

called respectively the upper and lower component. In this representation the Dirac
equation takes the form:

; 2 U, (r,t) _ m.c®> co-p U, (r,t) . W, (r, 1)
hat (ml(r’t) > co - p —mec? (‘I’J(r,t) > tV) (\Ifl(r,t) > - (L18)

Assuming the possibility to express the bi-spinor as W(r,t) = ¥ (r)¢(t) (hypothesis of
separation of variables)the solution of the Dirac equation takes the form:

U(r, 1) = ¥(r)exp [—W} - <Zij((:))>exp [—@} ,(L1.9)

where € is the electron energy, exclusive of its rest energy. The time independent Dirac
equation can be obtained by considering the eigenvalues problem of the Dirac Hamilto-
nian operator:

Hip(r) = (€ + mec?)i(r) (1.1.10)
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Using Eq. (1.1.1]) we have:

[ca P+ (5— 1) mec? + V()] w(r) = ep(r), (1.1.11)

The solution of this equation are the spherical orbitals relative to a particle in a central
field, which are simultaneous eigenfunctions of the Dirac Hamiltonian and the total
angular momentum operator J = L + S, where L = —ir x V is the orbital angular
momentum and S is the spin angular momentum (all angular momenta in units of &).
These eigenfunctions are the so-called spherical waves, and have the form [36] [37]

1 [ Pen(r) Qe m(r)
ekm\T) = 1.1.12
Ve (T) <1Q€K()Qnm(f)> ( )

where € ,,(r) are spherical spinors, and P..(r) and Q..(r) are the large- and small-
component radial functions, which satisfy the coupled differential equations

d(fﬁl‘i = - E Pen + <V —;JQmecz QEH )
dQT TV ¢ (1.1.13)
€ — K
<= — Pﬁli — Wek -
dr ch * r @

The spherical spinors are eigenfunctions of the total angular momentum of Pauli’s theory,
i.e., simultaneous eigenfunctions of the operators L2, SZ, J2 and Jp, with eigenvalues
((C+1),3/4, j(j + 1) and m, respectively. Here Sp = o denotes the two-dimensional
Pauli spin operator and Jp = L + Sp. €, ,,,(F) can be expressed as [38, 39]:

Qe (T) = Qﬁ,m(f) = Z (¢, %7 m = b, 1l 3, m) Youm—pu(F) X - (1.1.14)
pn=+1/2

The quantities (jjjamimalj, m) are Clebsch-Gordan coefficients, Y, (T) are spherical
harmonics, and y,, are the Pauli unit spinors, i.e., the eigenstates of S§ and Sps with
eigenvalues 3/4 and pu = j:%, respectively. More explicitly:

3 t3) = ( ) and X—1/2—|§, —%>—< ) (1.1.15)

Introducing the pauli spinors and writing the coefficients as reported in [39] Eq. ((1.1.14])
can be rewritten as:

£/ 0Em+ 1Y 1/(F)

1 4m—1/2

Oy (f) = ’ . (1.1.16)
V2t+1 \J{Fm+ %Ye,mﬂ/z(f')

To simplify notation, it is customary to use the relativistic angular momentum quantum
number

X+1/2 =

k= (0—)(2j+1), (1.1.17)
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which specifies both the total angular momentum, j, and the parity, (—1)¢ of the Dirac
spherical wave,

K itk >0
j=Ilkl—-%  l=j4+- (1.1.18)
2|! k-1 ifr<0
It is also convenient to consider the quantum number
_ —K ifk <O P
(= ={—- — (1.1.19)
k—1 k>0 K]

which is the value of ¢ corresponding to —x.

In the case of bound orbitals (¢ < 0), each discrete energy level is characterized by
the principal quantum number n and the relativistic quantum number . Bound orbitals
are normalized to unity and, consequently, satisfy the orthonormality relation

/wl’n’m’ (r)wmﬁm(r> dr = (Sn’n 6/@’/{ 6m’m . (1120)

Free spherical waves (with € > 0) are normalized in such a way that the large-component
radial function asymptotically oscillates with unit amplitude,

Po(r) ~ ﬁn@w—ﬁg—wﬂn%w+5o, (1.1.21)
r—00
where
k = (ch)'\/e(e + 2m.c?) (1.1.22)
is the wave number, n = [lim, o, 7V (r)]m,/(h*k) is the Sommerfeld parameter, and

0. is the phase shift. Free spherical waves normalized in the form (|1.1.21)) satisfy the

orthogonality relation
/?/fgnm we/{m( ) = _7(5(6 _6)5nli§mm- (1123)

The state of a free electron with definite spin projection can be represented as a
distorted plane wave (DPW), i.e., a solution of the Dirac equation that asymptotically
behaves as a plane wave plus an outgoing (+) or incoming (—) spherical wave. A DPW is
characterized by the wave vector k of the asymptotic plane wave and the spin projection
w; it can be expanded in the basis of spherical waves as (see, e.g., Refs. [30] [6, [40])

1 e—|—2me

¢£ﬁ)(r) A Zl exp (£id,) { [Qmm(f{)} ! X“} Yerm (1) (1.1.24)

(e + rnec2

where

= V/(chk)? + (me?)? — mec? (1.1.25)
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is the kinetic energy of the particle. The expansion ([1.1.24]) is known as the partial-wave
series. It can be easily verified that, with the adopted normalization for free spherical
waves, DPWs satisfy the orthogonality relation

/ [wfjjf,(r)} T Yo (1) dr = 6(K — k) 0,0, (1.1.26)

1.1.2 Matrix elements of Racah tensors and the spin operator

The calculation of cross sections, presented in this work, requires the calculation of the
matrix elements of the Racah Tensor defined by the following functions:

4
2L +1

O (F) = Yin(®), (1.1.27)

It is important to note that the 2L+ 1 functions Cp/(T) constitute an irreducible tensor
of rank L, C"). By virtue of the Wigner-Eckart theorem (see, e.g., Ref. [41]), the matrix
elements of Racah tensors for eigenstates €2, of the total angular momentum J = L+Sp
of a spin % particle are

<Qﬁ1m1 |CLM|QH2m2>

/ sy (0] Coar () Qo ()

1

The reduced matrix element <€1 %jl ||C(L)H 62%j2> is given by the expression (see, e.g.,
Ref. [42])

(G331 [|[CP| fagg2) = v(L, b1, €2) /252 + 1 (L2053 513) . (1.1.29)

where the factor

1if L+ 01 + {5 is even,

i (1.1.30)
0 otherwise,

U(L, gl, 62) = {

accounts for the parity selection rule.
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Matrix elements of spin operators can be evaluated by using the identity,

Qllml (f') o Qﬁzm2 (f'> - Z(_l)M

J,M
J K1+ Ko J-1 /a
X E 7 —1 <QH1,m1 |CJM|Q—H2,m2> YJ,—M(r)
2J+1 .
An J J+ 1) ( - ’%2) <Ql€1,m1 |OJM’QN2,m2> Y:;,—M(r)

/J—i—l K1+ K )
( }+ 12 > <Q"‘€17m1‘CJM’QI€2,m2>Yi+1]\/[(r)} ) (1131)

where the functions Y%,,(¢) are the vector spherical harmonics, defined by (see, e.g.,

Refs. [39, 40])

1

Y (E) = > (L LM+v,—v[JM) Y,y (B) €, (1.1.32)

v=-—1

where £, are the spherical unit vectors,

1 0 1
e, = | &= o0 e, = | (1.1.33)
e pp— —1 , = s = —= —1 . 1.
+1 \/5 0 1 \/5
0 1 0

It is important to underline that the vectors &, represents an useful spherical base
for expressing any vector G which can greatly simplify the calculations:

G=)> (-1)G.E_,, (1.1.34)

where

G,=¢,G (1.1.35)

are the spherical components, which constitute an irreducible tensor operator [38, 41].
The dot product of two vectors, ¢ and G, is given by

$G=) GGi=) (-1)"GGy, (1.1.36)

v

where (;, G; and (,, G, are, respectively, the Cartesian and spherical components of the
vectors.
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1.1.3 The DHF'S potential

The Dirac Hartree Fock Slater potential (i.e. DHEFS potential) of an atom or ion of
atomic number Z with N bound electrons is determined by the ground-state electron
density, p(r), which is obtained self-consistently (see, e.g., [43], 44]). It is given by

VDHFS<T) = ‘/HUC(T> + Vel(”/’) + ‘/ex(’f’) . (1137)

The term V,,.(r) is the nuclear potential (i.e., the electrostatic interaction energy of an
electron at r with the nucleus, which is assumed to be spherical). For a point nucleus,

Viue(r) = —Ze /. (1.1.38)

The effect of the finite size of the nucleus can be accounted for by using simple models
for the nuclear charge distribution. A convenient parameterisation of the proton density
is provided by the Fermi distribution [45],

_ Po
pp(r) = Pl =R/l (1.1.39)

with
R, =107AY2fm,  and  z=0.546fm, (1.1.40)

where A is the mass number, which is usually replaced by the atomic weight (mean
relative atomic mass) of the element. The constant py, which equals twice the proton
density at r = Ry, is to be determined by normalization. The nuclear potential for the
Fermi distribution has to be calculated numerically,

po(r)
Vaue = —¢’ . dr’
62 r o]
= —— | pu(r)amr?dr’ — 62/ pp(r') dmr’ dr' . (1.1.41)
T Jo T

The second term in expression ([1.1.37) is the electronic potential (i.e., the interaction
energy of an electron at r with the atomic electron cloud),

e2

T oo
Va(r) = ?/ p(r') 4w dr’ + 62/ p(r') dmr’ dr’ (1.1.42)
0 T
and the last term is the local approximation to the exchange potential. Exchange inter-
action is a quantum mechanical effect (without any classical analogy) that only occurs
between identical particles. It is not a true force (lack of force carriers like photons
in electromagnetism interaction) and is due to the wave function of indistinguishable
particles being subject to exchange symmetry, that is, either remaining unchanged (sym-
metric) or changing its sign (antisymmetric) when two particles are exchanged. Both
bosons and fermions can experience the exchange interaction. For fermions, it is some-
times called Pauli repulsion and related to the Pauli exclusion principle. For bosons,
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the exchange interaction takes the form of an effective attraction that causes identi-
cal particles to be found closer together, as in BoseEinstein condensation. We use the
Slater-Latter potential given by

Veilater(r) if 7 < rratters
V() = o2 (1.1.43)
—(Z - N+ 1)7 — Vaue(r) — V(1) if 7 > rrater,
where 3
V;ilater(,,,) — —562(3/77')1/3[,0(1')]1/3' (].].44)

is the exchange potential derived by Slater [46], and the cut-off radius rpager is the outer
root of the equation

7 [Vie (1) + Va(r) + oV (1)] = —(Z = N + 1)e?. (1.1.45)

The modification ([1.1.43)) of Slater’s potential for r > rpatter, which ensures the correct
behaviour of V(r) at large radii, is known as Latter’s tail correction [47].

1.1.4 Photon polarization

The polarization of photon beams that propagate in the direction of the z axis can be
described in terms of the basis {|€;), |€2)} of linear polarisation states along the z and
y axes. Pure polarisation states can be expressed in the form

cos(a/2)

|€) = cos(cv/2)|€1) + sin(a/2) exp(ifB)|€2) = | sin(a/2) exp(if) (1.1.46)
0

with @ € [0, 7] and 8 € (—m, 7|. There is a one-to-one correspondence between polarisa-
tion states |¢) and polarisation vectors of electromagnetic waves, ¢ = (1€ + (2€2. The
electric field € of the polarized wave is given by

E(r,t) =Re { [cos(ar/2) € + sin(a/2) exp(if) €] exp [i(k-r — wt + x)] } (1.1.47)

In the following, we simplify the notation by writing ¢ and €; instead of |{) and [€;),
i.e., we use the same symbol to designate the quantum polarisation states and the unit
polarisation vectors. States with 8 = 0 correspond to linear polarisation in a direction
that makes an angle o/2 with €;. If § = £7/2 and a = 7/2, we have right-handed (r)
and left-handed (1) circularly polarised photonsﬂ7

1 . = 5
€V = (& +i&y) = €4,

V2

L. .
6(1) — E (61 — 162) = 5717 (1148&)

'We consider “natural” right-handed polarization, which is opposite to the convention adopted in
optics [48].
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where £, and £_; are the vectors of the spherical basis, Eq. (1.1.35).

Usually, real beams are partially polarized, that is, their photons are in various
states |,,) of pure polarisation with corresponding probabilities p,. The states |(,,) are
only assumed to be normalised to unity, their number and nature are arbitrary. The
probabilities p, are positive and add to unity. Polarization features of real beams can be
described by using the density matrix formalism [49] 50, 51} 52]. The density operator
for such a radiation beam is

p=1¢) palC,l- (1.1.49)

The matrix of this operator in the basis of states of linear polarisation {€é;, €;} is Her-
mitian and has unit trace. It can be expressed as a linear combination of the Pauli
matrices o, Eq. (1.1.3]), and the 2 x 2 identity matrix, 5, with real coefficients,

1
=5 o\ P +ip, 1-P,

1( 1+P P —iP
(]2+P10'1+P20'2+P30'3):— < 5 ! 2) . (1150)
The coefficients P; are the Stokes parameters; they provide a complete description of the
polarisation of a beam and can be measured experimentally [50]. We have P, = Trpo;
or, more explicitly,

Py = p12 + pai, Py =1i(p12 — pa1), Py = p11 — paa. (1.1.51)

It is worth mentioning that in optics the Pauli matrices, as well as the Stokes parameters,
are usually considered in a different order, namely, {03, 01, 09}. We prefer the ordering
(1.1.3)) employed in quantum mechanics because the formalism is thus parallel to that
of polarisation of spin—% particles.

The Stokes parameters can be regarded as the components of a vector, P = (P, P, Ps3),
the Poincaré vector, which is analogous to the direction of spin of a spin—% particle, al-
though it transforms differently under rotations (see [51], [50]). For a pure state of the

type ({1.1.46|) the density matrix takes the form

cos®(a/2) cos(a/2) sin(a/2) exp(—if) (1.152)
B cos(av/2) sin(a/2) exp(if) sin?(a/2) 7 o
and the associated Stokes parameters are
P, = sina cos f3, P, = sin « sin 3, P3; = cosa. (1.1.53)

Note that o and 8 are the polar and azimuthal angles of the Poincaré vector P, and
that P = 1. In the opposite situation, when the Stokes parameters vanish, P = 0,
the density matrix takes the form p = %12, which represents unpolarized photons. The
magnitude P of the Poincaré vector measures the degree of polarization; it can take
values from 0 (unpolarised photons) to 1 (pure polarisation states).
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In the case of pure states (P = 1), inverting the relations (1.1.53]), we obtain the
state angles (a, #) from the Stokes parameters,

P +iP
V1-PZ

The pure states corresponding to the Poincaré vectors P and —P, with respective di-
rections («, 3) and (7 — o, B + 7), are

a = arccos Ps, exp(if) = (1.1.54)

cos(a/2) sin(a/2)
¢(P) = | sin(a/2) exp(iB) and  {(—P)=| —cos(a/2)exp(if) | . (1.1.55)
0 0

Note that these states are orthogonal,

(C(P)[¢(=P)) =0. (1.1.56)

Hence, by reversing the signs of the Stokes parameters of a pure state, we obtain its
orthogonal state (except for, possibly, an irrelevant phase factor). Thus, the state angles
(o, B), the Poincaré vectors and the density matrices of the states {€;, €2} of the linear-
polarisation basis are

0
a=0 1{20
q=x=1|0]: CP=|ol|, p== , 1.1.57a
! 8=0 P 2(00) ( )
1
0 0 1{00
o =T
b=v=1|1]1: CP=| 0|, == . 1.1.57b
2=Yy . B=r : 1Y 2(02) ( )

Similarly, for the states of the basis of circular polarisation, we have

. 1 12 0 L1
) _ e _ L[] a=T P—|1 (! 1.1.58
€ €+1 \/5 8 .5271'/2’ ) P 2 1 1 ) ( a)
1 0
e — ¢ 1 - a=m/2 P 1 L1 (1.1.58b)
e =&, =—F1 —1 : , =1 — , = - . .
Ve ) A= 0 "Tal-in

The intensity of a photon beam is defined as the number of photons that cross a
unit surface perpendicular to the direction of the beam per unit time. Let us consider
two photon beams with intensities /1 and I and respective density matrices p; and ps.
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The incoherent admixture of these two beams gives a beam with intensity I = I; + I,
and density matrix

I I
== —= pa. 1.1.
p=TP+Tr (1.1.59a)
The corresponding Stokes parameters are
I I
P= 71 P, + TQPQ, (1.1.59D)

where P, and P, are the Poincaré vectors of the initial beams. Notice that an unpolar-
ized beam can be considered as the admixture of two completely polarised beams with
equal intensities and “opposite” polarisations, P and —P, whatever the direction of P.

A partially polarised beam with Stokes parameters P (P < 1) can be regarded as
an incoherent admixture of an unpolarised beam and a completely polarised beam. To
characterise these beams, we define the reduced Stokes parameters P/ = P;/P. The
matrix density of the partially polarised beam P can then be expressed as

1 1+P P-iR
P=5\ p+ir, 1-p,

1(10 1{ 1+P, P —iP,
—(1-P)= I A T R (1.1.60)
2\ 01 2\ Pryipy 1P

Hence, the original beam is equivalent to the mixture of an unpolarised beam and a
completely polarised beam (with Poincaré vector P’ = P/P, P’ = 1), having relative
intensities (1 — P) and P, respectively.

1.1.5 Derivation of the cross sections

In this section it will be summarized the derivation of the cross section of a beam of
photons with energy W = hw and wave vector k (k = w/c), polarized in a direction
¢ perpendicular to k, incident on a target atom at the origin of coordinates. The
absorption of a photon causes the transition of the active electron from the initial orbital
1, with energy €, < 0, and ionization energy E, = |¢,|, to an excited orbital with energy
€, = €, + W, which may be either bound (when W < E,, excitation) or free (if W > E,,,
ionization). To simplify calculations, it is considered that photons propagate along the
direction of the z axis. This implies that the spherical components of the polarization
vector [¢, = €,-¢, see Eq. (1.1.34)] are such that {; = 0 and |(_1]* + |¢11]*> = 1. The

Hamiltonian of the target atom in a radiation field can be expressed as:

N ~
H = Zz:; [cai-pi +eay - Ay(r;,t) + (ﬂ — 1) mecﬂ

3 Vaelr) + 3 —, (1.1.61)
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where, for the i-th atomic electron, V,,,.(r;) is the interaction energy of that electron
with the nucleus (assumed spherical), and the last double summation is the Coulomb
interaction between electrons. The summations run over the N electrons in the atom
(N < Z in the case of positive ions). Note that the nucleus is assumed to be fixed at the
origin of the reference frame and is represented simply through its electrostatic potential
Viue(r1) = —e@nuc(r). This is equivalent to assuming that the nucleus has infinite mass,
an assumption that is not appropriate for photons with energies that are comparable to
the rest energy of the atom. We can rewrite Eq. as H = Ho + H'(t) where H, is the
Hamiltonian of the target atom:

N _ N N 9
HO = Z |:Caz - Pi + (ﬂ - 1) mecﬂ + Z Vnuc(ri) + Z |I‘e——I‘| s (1.1.62)
=1 i=1 i<j=1 170 7

and #H'(t) is the Hamiltonian of the interaction between the atom and the radiation:

N

H(t)=e Y & Ayri,t). (1.1.63)

i=1

In Quantum electrodynamics (QED), electromagnetic radiation fields are treated using
the formalism of second quantification. The electromagnetic field in vacuum is repre-
sented by the vector potential operator [53]:

21 he?
A=Y % {akaéa expli(k-r — wt)] + af, & exp[—i(k-T — wt)]} . (1.1.64)
k,a

where ay0(0) and a]_(0) are creation and annihilation operators and the sum is over
wave numbers k and over the two polarization states €,. Here r is not regarded as a
quantum dynamical variable, but simply as a parameter that modulates the operator
(it has nothing to do with the position coordinates of a photon). The frequency w of
each mode k is given by w = ck. The constant under the square root corresponds to the
monochromatic plane waves obeying periodic boundary conditions on a cubic box with
edges of length L. To simplify the formulas, we introduce the (dimensionless) operators:

N
Myo = &0+ Y ayexp(ik 1), (1.1.65)
=1

The Hamiltonian of interaction can be rewritten as:
, 2mhc?e? . - .
H'(t) = Z 3, [aka]\/[ka exp(—iwt) + ay M, exp(iwt)| . (1.1.66)
k,«

In most practical cases, the interaction between the atom and the radiation field is
weak and H'(t) can be treated as a perturbation. It can be assumed that, sometime
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in the past, the atom was prepared in a bound state ¢4 with energy E4 satisfying the
Dirac Equation:

HoWa = B4V 4. (1.1.67)

The interaction with the radiation field may cause transitions of the atom from the initial
state W 4 to other states U g, by absorption or emission of photons. If the initial radiation
field contains photons with large enough energy hw, absorption of these photons may
cause the ionization of the atom, i.e., the transition to a final state in which one of the
atomic electrons is in a free orbital with positive energy. The interaction also modifes
the state of the field. In emission and absorption processes, the number of photons in
the active mode ko is reduced or increased in one unit (at least). Photons can also be
scattered by the target atom. In a scattering event, the incident photon is absorbed and
a new photon is emitted, so that the number of photons in the field remains constant.
The target atom may either remain in the initial energy level (Rayleigh scattering),
change to another bound level (Raman scattering) or be ionized (Compton scattering).
Here it is assumed that the radiation field is weak enough (i.e., the number of photons
in each mode ko is sufficiently small) for the interaction H'(t) to be considered as a
perturbation and it will be considered the process of absorption of photons.

It is important to underline that the operator H'(t) acts on the space of states of the
whole system (atom plus radiation field) which is the direct product of the state space
of the atom and the Fock space of the radiation field. The base states of the system are
of the form:

O =|T) | Nyars Msazs ) = | Vs Ny s Mhkpany - ) (1.1.68)

where U is an eigenstate of Hy with energy E and | nk o, Mkyass---) 1S a vector of
the symmetrical basis of Fock’s space representing a field with ny,,, photons in the
mode k;a; for © = 1,2,...,00. In order to compute the cross section for photoeffect
it will be necessary to compute the matrix elements (®p |H'(t)| P4) of the interaction
Hamiltonian.

It can be showed [53] that the matrix elements of the operator My, (Pp |Mya| Pa),
are different from zero only when the final and initial states differs in a single photon.
The same holds for the Hamiltonian H'(¢). Hence, to first order of perturbation theory,
the interaction can only cause the emission or absorption of a single photon by the
atom. To study processes that involve 2 (or more) photons, the interaction has to be
treated using second (or higher) order perturbation theory. In particular, to describe
scattering processes we need to use second-order perturbation theory. It is also assumed
that radiation beams are incoherent, that is, that there are no correlations between the
photons in the beam. This is true for photon beams from a hot gas, because photons are
emitted at random by the individual atoms in the gas. When the beam is incoherent,
the transition rate is obtained by simply adding the transition rates corresponding to
each mode ka (i.e., there is no interference between the various modes). Note that the
two assumptions (weak and incoherent fields) may not hold for laser fields, because the
light from these devices has a high degree of coherence and because high-power laser
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beams may be very intense. In intense low-energy laser beams, simultaneous absorption
of several photons has been observed.

With this assumptions it is possible to calculate transition rates using the Fermi
Golden Rule for free final state:

2r AN .
deA,ka: fm’HlBAPé(EB_EA_M) dEBdkB, (1169)

where d N'/deg dl;B is the density of the final states of the electron:

dN € + mec?

_ 1.1.70
degdky  (ch)? (1.1.70)

and Hz4(t) = (Pp |H'(t)| P4). In the case of of bounded final state the Fermi golden
rule becomes:

2T
WBAKka = 5 [ H 512 6(ep — €4 — hw) | (1.1.71)
The matrix element of the interaction operator is:

2mhc2e?

L3w

<<I>B ’akaMka exp(—iwt) + aLaMlia exp(iwt)’ @Ai}l.l.m)

which can be rewritten using the properties of the creation and annihilation operators
(for the case of absorption) as:

2mhc2e? .
H%A(t) = Z Tw { (Mka)BA <nka —1 |aka| nka) eXp(_IWt)
k,a

+ (Myo)pa <nka —1aj, nka> exp(iwt) } (1.1.73)

where:

N
€, - Z a;exp (ik - ;)

=1

(Mya)Ba = <\I’B

\I/A>. (1.1.74)

Considering the definition of the matrix element, the only term which gives a non zero
contribution is:

<nka —1 |(Ika| lea> = \/MNka » (1175)

so the matrix element of the interaction operator becomes:

2mhc2e?

L3w (Mkoz)BA Nka (1176)

H%A (t) =

In order to simplify the formulation of the theory, and also to facilitate numerical
calculations, it will be assumed that the target atom can be described by using an
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independent-electron model(IEM). In the calculations it will be used the DHFS self-
consistent potential Vpypg(r), which means that the atomic Hamiltonian in Eq. is
approximated by the IEM Hamiltonian:

N
Mo~ Y Hi, (1.1.77)
i=1
with _
Hi = c&i 'pi—i—BmeCQ—FVDHFS(’I"). (1178)

The one-active-electron approximation consists of considering only the excitations of a
single electron from a bound orbital to an unoccupied (bound or free) final one, whereas
the other atomic electrons behave as mere spectators and their orbitals remain frozen
in the course of the interaction. This approximation amounts to neglecting correlation
effects. This loose term refers to approximations underlying the IEM model and to
possible readjustments of the orbitals of inactive electrons during the interaction. This
allows to simplify the function ¥ in the so called Slater determinants [53]:

1/11(1'1) 1/11(I'N)
U =——det(¥) = = : : , (1.1.79)
v Yn(ry) .. Yn(ry)

build with one-electron orbitals 1;(r;) that are solutions of the Dirac equation for the
DHEFS self-consistent potential:

[c& p (E - 1) mec® + VDHFS(T)} Do (1) = e, (1), (1.1.80)

Following the Slater-Condon rule Eq.(|1.1.74]) is simplified giving:

(Myo)pa = (VB |€q - aexp (ik - 1)|14) (1.1.81)
For exitation we have:

(27)2hc*e? nyq

T | Myo|? 0(ep — €4 — hw), (1.1.82)

WBAka =

where the quantity nyc/L? represents the flux of photons in the incident beam. Dividing
the transition rate for this quantity it can be obtained the cross section for excitation
of the active electron to a bound orbital, 1y = ¥y, w,m,:

ool (VV, C) — % ‘Mexc (W C)‘Q(S(eb—ea—W), (1.1.83)

NpKpMp;NakaMMa NpKpMp;NakamMa

with the transition matrix element which can be computed in spherical components as:

Nexe (W’ C) = C'GGXC(Hbmb; Iiama) s (1184)

NyKpMp;NakaMa
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where
G (kpmp; KaMa) = (Unyrymy | @ expk-T)| Yy kume) - (1.1.85)

The delta distribution in Eq. indicates that absorption is possible only at
resonance, i.e., when the excitation energy ¢, — ¢, coincides with the energy of the
photon. A finite cross, which varies continuously with the photon energy, is obtained
when the energy width of atomic levels is taken into account.

In the case of ionization, the final orbital belongs to the continuum spectrum (e, > 0).
The differential cross section (DCS) for absorption of a photon, with emission of the
active electron with spin mgy, linear momentum fAk,, and direction of motion within the
solid angle element dk;, about the direction ky, is [6] [7]:

2m)2hcte® Nk . € 4+ Mmec? R
( )W Lks ks B(Ch) |Myo|?0(eg — €4 — W) depdkp,  (1.1.86)

dwpa ke =

which becomes as done for the excitation case:

(27T) kb(eb + me } 10n

do ol (W ¢) = o jon (W) dky, (1.1.87)

bingkama

where the transition matrix element

M3 (Wo€) = € (Vi | @ explikor) | Y, ) (1.158)

is to be evaluated on the energy shell, i.e., with ¢, = ¢, + W. Inserting the expansion
(1.1.24)) of the DPW, the matrix element becomes

1 € + 2mec2 ¢
MIOH W - v b (5’{ GlOl’l : a a
b; na"‘f/ama( ) C) k.b ﬂ,(eb + meCZ ’ibzmb eXp (1 b) C (/{bmb RgM )
x [xlmﬂm,m,, (Rb)] , (1.1.89)
where
G (kpmp; KaMa) = (Veyrymy| @ exp(k-T)| Y, coma) (1.1.90)

are matrix elements of the operator & exp(ikr) in the basis of spherical waves, analogous
to those of excitation.

1.1.6 One-electron transition-matrix elements

The matrix elements (|1.1.85]) and (|1.1.90]) are of the type

=¢- G with G = (Ygr,m, |@exp(k-r)| Ve, kuma) (1.1.91)
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where, in general, the polarization vector ¢ may be complex. To calculate the spherical
components of G, Eq. (1.1.35]), it is introduced the Rayleigh expansion of the plane
wave,

exp(ik - r) Z Z (27 + 1) js(kr) C% () Cop(2) (1.1.92)

J=0 M=

where j;(kr) are spherical Bessel functlons. The formulas become simpler if it is con-
sidered a reference frame with the z axis parallel to the direction k of the photon. In
such a frame, C%,,(k) = dp0, and it is possible to write

G = Z (27 + 1) (e, mymy 1@ G5 (k1) Cro(F)] Ve rpmy ) - (1.1.93)

The matrix elements in this expression can be evaluated on the basis of Eq. , by
a method similar to the one adopted by Mann and Johnson [54] for a related problem.
After a rather tedious calculation it is found the following expressions for the spherical
components of G,

- 2J +1 .
Gt (Ko, Kgymg) = » 1 ——o {(Qm |Ci1 | Q) R e

] 2J(J+1)
(| Cr1 2 "R ,{} , (1.1.94a)
[e.e]
2J +1
. _ +J epJ
G—l(ﬁbamby FOa;ma) = JZZ;I m {(an,mb|CJﬁ1’Qﬁa,ma> ,R’Gbﬁb eaka
| C 1 ) "R, (1.1.94D)
and
Go(Kp, myp; Ka, Mg) Z 7 (20 + 1) (Qeym | Cr0|Qcoma) IR;JN eure (1.1.94c)
J=0
with the radial integrals
1
1 J _ J—1 J-1 J—1 J—1
Rebnb;eana - 27 +1 |:(I€b - I{a) (Febmb i€aka Gebmb eama) J(Febnb i€aka Gebnb eana>
(= ) (o Gl + (T + DL = Gl )]
(1.1.95a)
J(J + 1) KRy —
e J J—1 J—1 J—1 J—1
Rebmb €aka 2J + 1 |: J (Febm, i€aka + Geb/@b ea/ia) (Febnb ‘€aka Gebnb eana)

Kb — Ra (F7H QI Y (pTHL gL )} ., (1.1.95b)

J + 1 Eb"‘ﬂ)%eal"ﬁa €pRbi€ala €pKbi€ala €pRbi€ala
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and
mR;]bK/bxaH/a = (K;a + Klb) (FEiHb;QZHa + Gte]bnb;ea,@a)7 (11950)
where
Fgl{’ib?ﬁa’ia = /0' Pﬁbﬁb (T) Qfaﬂa (T> jJ(k;,r) dry (1196&)
Glmeara = /0 Qe (1) Peyra (1) g (kr) dr (1.1.96b)

The superscripts “1”, “¢” and “m” in the integrals (1.1.95) stand for “longitudinal”,
“electric” and “magnetic”, respectively, because these radial integrals also arise in an
alternative treatment based on the multipole expansion of the radiation field (see, e.g.,
[55, 56]).

We recall that the matrix elements (Qy, m, |Cr.|€,.m,) vanish unless my, = m, + v.
Moreover, at least one of the elements (s, m, |Cyu|Qkome) a0 (Qiymy |Crv Qi ma)
vanishes because the values of ¢, for k, and —k, differ by one unit and, therefore, the
parity factor v(.J, €y, ;) is null for one of these matrix elements. Hence, the two terms

in curly braces on the right-hand side of Eqgs. (|1.1.94a}) and ({1.1.94b)) cannot be both

different from zero.

More compact formulas are obtained by introducing the quantities

Veweara = V21 (3o [|CP ][ a3 ja) Ry scame (1.1.97a)

. [ 2541 , N

Vimpicana = T+ 1) (O3 ||CH[ laja) R sy canas (1.1.97b)
21, e

Ve =\ 27077 1) (1O N fazie) "R (11.97¢)

where ¢, is the orbital angular momentum quantum number corresponding to —f,.
Considering the symmetry properties of Clebsch-Gordan coefficients it is possible to
write

[e.e]

Ger = (=17 31 (u, o Mgy —mal J, F1) {ey;gﬁbxaﬁa iimyiﬁb;ﬁaﬁa} (1.1.98)

J=1
and
GO = (_1)ja_ma Z iJ <ja7jb7 Mg, _mb|J7 0> lyeilib;eana‘ (119813)
J=0
2|Kal

The cross section for photoabsorption by the electrons in a closed subshell (n,k,)
is proportional to the sum of squared transition-matrix elements over magnetic quantum
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numbers, Eqgs. ) and m
Gra = Z |Myo* = (=" ¢ ¢ Y GUG (1.1.99)

Ma,Mp v,V Mq,Mp

Since the photon polarization vector ¢ is perpendicular to the wave vector k = kz and
normalized to unity, it is (o = 0 and |[(_1]* 4+ [¢(11]* = 1. We note that the only depen-
dence on the quantum numbers m, and m;, is through the Clebsch-Gordan coefficients
(Ja» b, Ma, —myp|J, V). The summation over these quantum numbers is performed easily
by using the orthogonality property of these coefficients. We thus obtain,

Y GuGr =0, (1.1.100a)
My
and
Y GuGy = Z {[eygiﬁb;gaﬁaf + [my;{,,@,,;wf}, (1.1.100D)
Ma,Mp J=1
Therefore, the quantity is given by
Goo = > { [Vitwseara) + "Vihsean] '} (1.1.101)
J

1.1.7 Cross sections of closed subshells

In practice, target atoms are randomly oriented and the measurable quantity is the cross
section for photoabsorption by the electrons of a subshell (n,k,)% with ¢, electrons.
Calculations are easier in the case of closed subshells, with g, = 2|k,| electrons, because
of various sum rules obeyed by the angular integrals in transition matrix elements. For
open subshells, with ¢, < 2|k,|, the average over atomic orientations is equivalent to
assuming that the individual orbitals in the subshell have a fractional occupation number
equal to g,/2|k.|; the resulting partial cross section is then equal to that of the closed
subshell times q,/2|kq].

In the case of excitation, the measured cross section includes transitions to any
state of the final energy level €,. Generally, the final level is empty (g, = 0), although
occasionally it may correspond to an open subshell (nyk;)?% filled with g, (0 < g, < 2|ks]|)
electrons. Hence, the cross section for one-electron excitation from the subshell (n,k, )%
to a bound level ¢, by absorption of a photon of polarization ¢ is given by

exc da 2|I{b| — @ exc
Oba <W> - Z Z O-nbﬁyblmb;naﬁama(m/; C)

el 2] 2
= TprnaW) 0(ep — s — W) (1.1.102)
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where it is introduced the “reduced” cross section, 73:°(W), defined by

5o () = (2m)%e%ch  q, 2|kp| —

b Hexc
. g s Ka) s 1.1.103
NpKp;a W 2|Ka| 2|/'€b’ (’ib K ) ( )

where

G (ko ka) = D0 3 |ME o WO

me My
2
- ZZ Z CVGGXC(’%bambv’{ayma) (11104)
mq mp |v==%1

is the sum of squared transition-matrix elements over orbitals of the initial and final
energy levels, which is given by Eq. (1.1.101)),

G (s a) = D { [ Vyeara) + ["Viseund] } - (1.1.105)
J

Npkpi€aka

evaluated for the final bound orbital y,.,m,. Note that the reduced cross section
(1.1.103) is independent of the polarization of the absorbed photon. Naturally, this
result is a direct consequence of the spherical symmetry of closed subshells.

The quantities e:my;{mem are defined by Eqgs. (1.1.97) with radial integrals ™R/

Let us now consider the observed DCS for ionization of a subshell (ngk,)%. In
addition to the assumption that the target atom is randomly oriented, it is supposed
that the final spin state of the emitted photoelectron is not measured. The observed
DCS is thus obtained by summing over degenerate initial states and over final spin
states, mgp.

doion(W,¢)  (2m)%e? ky(ep + mec?) Lo )
dlA{b N w ch 2|,{ | ZZ} bnaﬁama 7C)| . (1.1.106)

Maq Mgp

Inserting the expansion ((1.1.90)):

doy(W,¢)  (2m)%e*ch ky
dk, W 7e

S 2| 2 17 e (1) € G )

/ /
/-zb,mb

X { Z i exp (10, ) ¢ G (Ky, My} Ka, M) }

Kb,y

xQ’r, ,kb lzmebmeb ey (Kp) | (1.1.107)

mgsy

where the sum in square brackets is equal to the 2 x 2 unit matrix. The total cross
section for ionization of the subshell (n4k,)% is obtained by integrating the DCS over
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the directions of the emerging photoelectron,
) d ion Ww. R
GO (W) = / doa"(V.0) (1.1.108)
dk,
Using the orthogonality of the spherical spinors, Qﬁbmb(l;b), it is obtained

(2m)%e*ch ky  qa

ion W) =
70" (W) W 7ey 2|Ka|

a

> Gk, Ka) (1.1.109)

where

gion(ﬁbv "ia) = Z Z ‘C'Gion(’ibmb; ’iama) ’2

mqg My

-

Ma,Mp

2

> (=1 G (i, M K, ) (1.1.110)

v=+1

is the sum of squared transition-matrix elements over the orbitals of the active subshell
and over the spherical waves with the final energy, which is given by Eq. (1.1.101)),

G 50) = 3 W)+ [Vl 111
J

with the quantities eymy;{mw defined by Egs. (1.1.97). We see that, as in the case
of excitation, the total cross section is independent of the polarization of the absorbed
photon.

1.1.8 The dipole approximation

The calculation of cross sections for both excitation and ionization by photons with low
energies, such that the wavelength A\ = 27/k is much larger than the average radial
distance of the electrons in the active subshell, can be simplified by using the dipole
approximation. In this approximation, the quantity k-r is assumed to be much less than

unity, and the exponential in the matrix elements ([1.1.85) and (1.1.90)) is replaced by

unity,
Gdlp(/ib,mb; KasMa) 2 (Vepryms | O Unprama) - (1.1.112)

Using the commutation relation of the Dirac Hamiltonian, Eq. (1.1.80)), with r,
[H,r] = —ichea, (1.1.113)

we get the familiar “length” form of the matrix elements in the dipole approximation,

. i
Gdlp(”b? Mp; Ka, ma) = E w <webﬁbmb‘ I“ wnanama> . (11114)
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Recalling that the spherical components of the vector r are r, = rC ,(t), the angular
integrals of these matrix elements reduce to matrix elements of the Racah tensors. We
have

. i
Gglp(ﬁllﬂ My; Ka, ma) - C_h W <Q"5b7mb|017V|Q”iayma> beﬁbieaﬁa (11115)

with the radial integrals
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Within the dipole approximation, the quantities ({1.1.105)) and ((1.1.111]) reduce to
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Although the dipole approximation yields realistic values of the total cross section for
long-wavelength photons (see Section [L.3)), the DCS (i.e., the angular distribution of
photoelectrons) obtained from this approximation is qualitatively correct only for photon
energies near the ionization threshold (see Fig. [L.5]).

1.1.9 Near-edge excitation cross section

Because of memory and time constraints, our computer program PHOTACS calculates
reduced excitation cross sections, Ty .,(WW), for bound levels with principal quan-
tum number n, up to ne = 18. The numerical value of the quantity GUP(ky, kq),
Eq. , qualifies the levels €,,,,. Cross sections of dipole-forbidden levels [with
GYP(ky, kq) = 0] have values that are typically several orders of magnitude smaller than
those of dipole-allowed levels [with GUP(ky, k,) # 0]. To reduce the size of the tables,
and to simplify further calculations, PHOTACS delivers cross-section values only for exci-
tations to dipole-allowed levels. Cross sections for transitions to dipole-forbidden levels
are calculated and added to the cross section of the nearest dipole-allowed level. In other

—<€excC

words, the reduced cross section @, (W) given by the program is the cross section of
the allowed level €,,,., plus small contributions of excitations to neighbouring forbidden

levels.

For a given value of k;, there exists an infinite series of bound levels ¢,,,,, whose
energies increase monotonically with the principal quantum number n, and have an
accumulation point at zero energy. To account for the cross sections for excitation to
levels with n, larger than 18, it is possible to rely on the fact that, regarding the bound
levels with energies close to zero as a quasi-continuum, the cross section for excitation
continuously joins the ionization cross section at the edge, W = E, (see, e.g., Refs.
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[57] and [58]). Explicitly, from the cross sections for excitation to the levels €,,,,, it is
defined the following step function
o (W
Sa</€b; W) — nb:‘ib,@( )

Enb - E’nbfl

if €ny—1 — € < W < €, — €q, (1.1.118)
where €,, are the midpoints of the energy intervals between successive energy levels,

e = Enyry +2€nb+1ﬁb . (11119)

That is, the excitation cross section is spread over the energy interval that is closest to
the final level. Numerical results confirm that the step function S, (kp; W) does smoothly
join the ionization cross section at the edge (see Fig. below). The smooth matching
of the discrete and the continuum is due to the fact that, for a given angular momentum
kp and for not too large radii, the radial functions of bound orbitals with very large n,
differ from those of free orbitals with very small kinetic energies only by a normalization
factor. When free-state orbitals are normalized on the energy scale,

/¢Z/Hlm/ wenm dr = 6(6/ — 6) 6/{’/{ 6m’m s (11120)

and bound orbitals are normalized to unity, Eq. (1.1.20]), the radial functions of bound
and free states with energies close to zero are such that

<M)Q __ (1.1.121)
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for sufficiently small radii r, large n;, and small ¢,. This quantity, which coincides with
the “spread factor” in the definition (|1.1.118]), can be regarded as the number of discrete
levels per unit energy interval, the analogue to the density of states of the continuum.

In calculations of excitation to bound levels each series of (optically-allowed) levels
€nyrys With kp fixed is considered separately. Let ng(k,) denote the principal quantum
number of the first level in the series. We describe the first three levels in the series [with
ny = no(ks), no(ke) +1, no(Kp) +2] as discrete resonances. The levels with ny, > ng(kp)+2
are treated as a quasi-continuum, which extends from a certain cut-off energy W;};: to
W = E,, with the excitation cross section expressed as a cubic polynomial in £, — W,

Tk W) = Awyo + Ay 1 (Ba — W) + Ay 0(Ey — W) + A, 3(E, — W), (1.1.122)

The coefficients of this polynomial are determined from a least-squares fit to a table
of values of the step function at the excitation energies of the levels, {e,,y,
Sa(Kb; €ngry, — €a) } With ny = no(ks) +3 to 18. The cut-off energy Wit is fixed so that the
integral of the analytical approximation over W in the interval from Wg to
the upper limit of the subinterval of the n, = 18 level, equals the sum of excitation cross
sections of the levels €,,,, with n, = ng(k;) + 3 to 18. We assume that this polynomial
represents the quasi-continuum faithfully and, hence, that it does account for excitations
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to levels with n; greater than 18. These considerations can be verified numerically using
our computer programs. A graphical analysis of the case of excitations from the K shell
of argon atoms is given below in Fig.

Note that pseudo-continua of series with different k;, extend over different intervals.
The cross section for excitations to bound levels is then given by
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where O(z) is the unit step function (= 1 if z > 0, = 0 otherwise). The first summation
is over discrete resonances (excitations to the three lowest levels of each ky series), and
the second summation accounts for excitations to levels in the pseudo-continua.

1.1.10 TIonization cross sections at high energies

The convergence rate of the series decreases when the energy of the photon
increases. Therefore, the program PHOTACS is able to compute the ionization cross
section oi°" (W) for photons with energy W up to a certain maximum value W, Cross
sections for photons with energies higher than W can be obtained by extrapolating
the calculated numerical cross sections using the approximate formula given by Pratt
[18] (see also Ref. [6]) for K-shell electrons, which combines Pratt’s high-energy limit
with the general energy dependence determined by Gavrila [59]. The formula for the
cross section per electron in the K shell of an atom of atomic number Z reads

(B7)®  exp|—2(a/fB) arccos a

O_Ilzratt(W) = 0y

(W/mec?)* a%
x M(B) {1+ ma[N(8)/M(B)] + R(a)} , (1.1.124)
where a = Za [a = €%/(ch) ~ 1/137 is the fine-structure constant], & —V1—-a?

is the velocity of the photoelectron in units of c,

4 \/(W—Ea)(W—Ea+2mec2) (11125
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The quantity og is the high-energy cross section per electron, given by

and

v

2
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1.1.127
- (1.1.127)

oy = 2mal a’a
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The functions M () and N(S) are defined by

ORI VT
M) =5+ |1 27\/ﬁln<v— 72_1>], (1.1.128)
and
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Finally, the quantity R(a) is defined so as to reproduce Pratt’s high-energy limit of the
total cross section (per electron) for the photoeffect in the K shell, which is given by
118, 6]
lim ox(W) = 0¢F(a) (1.1.130)
W—o0

with
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Consistency of Eq. (1.1.124)) with this high-energy limit implies that

Fla) = P22 cos” ) [1 L R(a)] . (1.1.132)

a€ 15

Values of the function F'(a) calculated numerically by Pratt, with an estimated accuracy
of 0.1 %, are given in Table I of Ref. [I8]. Numerical values of R(a) are also given by Pratt
et al. [6] in their Table 6.1. Unfortunately, the latter table contains several erroneous
signs. To determine an accurate analytical approximation to R(a), it is calculated the
function F(a) for a dense grid of a values by computing the double integral
using an adaptive Gauss-Legendre quadrature method, which allows control of numerical
errors, to an accuracy of about 1077. The calculated table extends from a = 0.01
to 0.8, corresponding to Z up to 109, and agrees with Pratt’s values [I8] within the
claimed accuracy of the latter. A least-squares fit of our tabulated values leads to the
approximation

R(a) = 0.00372a — 0.16326a* + 0.94375a* — 0.71732a*, (1.1.133)

which, when inserted into expression ((1.1.132)), approximates the numerical values of
F(a) with relative error less than 0.01 %.
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As indicated by Pratt et al. [6] the ratios of cross sections of different subshells are
nearly energy independent. Hence, although the formula (1.1.124]) was derived for the
K shell, it can be employed to extrapolate the DHFS cross sections of other subshells
for energies above their numerical cut-off W<, In this calculations it was setted

O-(izon (W;ut) Pratt
O.Ilzratt (W;ut ) K

oo (W) = (W) (1.1.134)
for W > W, In practice, this extrapolation scheme works very well for inner subshells
with binding energies larger than about 100 eV, for which the extrapolation matches the
numerical cross sections in a wide energy interval, and not so well for outer shells with
E, <100 eV because the slopes of the numerical and the extrapolation curves at W =
Weut are slightly different. However, the relative contributions of the outer subshells
are less than about 107° and, consequently, the error introduced by the extrapolation
has no practical effects. A similar extrapolation method was employed by Hubbell et al.
[60], and also by Cullen et al. [I4], who used a semiempirical formula that reproduces
Pratt’s high-energy values for the K shell.

1.1.11 Finite level widths and experimental ionization energies

Up to this point it was assumed that excited states are stationary. This assumption leads
to the delusive delta function in the excitation cross section, Eq. . In reality,
excited states decay by radiative and non-radiative transitions and, consequently, have
a finite mean life 7, and a natural level width 'y = A/7,. Assuming that excited estates
decay exponentially with time, it is concluded that absorption lines have a Lorentz
profile centred at the resonance energy, with full width at half-maximum equal to I’
(see, e.g., Ref. [61]). Consequently, results from measurements of the energy E of an
excited level €, are expected to follow the Lorentz distribution
1 (Ts/2)

Lhie = B) = 0 Ep 1 28

(1.1.135)

In addition, the cross section for excitation of an electron from the level ¢, (corresponding
to the ground state) to a level ¢, by absorption of photons with energy W should be
calculated as the integral over the continuous level profile,

Tha (W) = / 7 J(W)O(E —e,— W)Ly e — E)dE
0

npKp;a

=g (W)L(Ty; e — e —W). (1.1.136)

npkp;a

This result differs from the expression (|1.1.102)) for stationary levels only in that the
Lorentz distribution replaces the delta resonance.

As noted by Ritchmyer et al. [62], in the case of excitations that produce a single
vacancy in an inner subshell (n,k,), the first stage of the subsequent decay of the atom
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is the filling of that vacancy by electrons from nearest subshells, a process practically
independent of the condition of the excited electron. Consequently, all excited levels
with a vacancy in subshell (n,x,) have approximately the same level width, I',, the so-
called “core-level width”. Calculated values of core-level widths of free atoms are given
in the EADL [63]. Campbell and Papp [64] give a complete set of recommended widths
for K to N7 levels of atoms obtained from consideration of available experimental data.
Typically, the core-level widths increase with the binding energy of the subshell, and
are of the order of 0.1 eV or less for weakly bound subshells, and reach values of the
order of 100 eV for K shells of transuranic elements.

Assuming that the level width is a characteristic of the active subshell (n,k,)%
where the vacancy is created, its influence on the photoeffect can be accounted for by
convolving the calculated cross section with the Lorentzian distribution (|1.1.135]). That

is to say [cf. Eq. (1.1.123))],

oa(W) = > 50 (W) L(Taie, — € — W)

NpKp;a
ny,Kp
Eq
S50 [ e B L B - W)dE
wy Y WaRy
+/ o E)L(Ty; E—W)dE (1.1.137)

where again, the first summation is over discrete resonances with excitation energies
less than the corresponding cut-off W;,Lj:. The integrals of the second term on the right-
hand side, with 7%*°(k,; W) expressed by the polynomial approximation ([1.1.122)), can
be evaluated analytically. The last term can be evaluated similarly when the ionization
cross section oi°" (W) is obtained from a pre-calculated table of values, at suitably spaced

energies, by means of cubic spline interpolation.

There is a further empirical correction to be considered. Although the DHFS eigen-
values, E,, are quite close to the experimental subshell ionization energies ES*P [65],
the differences induce appreciable shifts of the absorption edges (typically, of a few eV).
We can correct the calculated cross sections for this discrepancy, by simply shifting the
energy scale and setting

o (W) =0,W + E, — EZ). (1.1.138)
The cross sections given by this formula will be referred to as “energy-shifted cross
sections”. The post-processing program PHOTACS-PP (see below) allows this energy
shift to be applied automatically. The default experimental ionization energies E*P
have been taken from the compilation of Carlson [66], which covers all the subshells of
the elements from Z = 1 to 106. Alternatively, the program allows ionization energies to
be used from the more updated compilation by Williams [67], which is mostly based on
x-ray photoelectron measurements on samples prepared in ultra-high vacuum conditions.
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1.1.12 Normalization screening approximation

A primary ingredient of the calculations is the DHFS potential, which provides only a
rough approximation to the atomic wave functions. More elaborate atomic structure
calculations employ the multi-configuration Dirac-Fock (MCDF) method [2I]. Unfortu-
nately, the theoretical scheme underlying this method does not permit easy calculation of
photoelectric cross sections, because the MCDF equations involve a non-local potential
that is different for each subshell.

A simple method for estimating how the use of more accurate wave functions would
affect the cross section for the photoeffect is provided by Pratt’s normalization screening
approximation, which is presented in Ref. [68] and discussed in Refs. [19] 20l [6]. The
key idea under this approximation is that, for photon energies a few keV above the
ionization threshold, the dominant contributions to the transition matrix elements come
from radial distances of the order of the reduced electron Compton wavelength, X, =
h/mec = 3.8616 x 107 m. In other words, from distances that are substantially larger
than the radius of the nucleus but much smaller than the average radial distance of
electrons in bound orbitals. At radii important for photoabsorption, the only effect of
screening is a change in the normalization of bound states. It then follows that the
photoelectric cross sections for the screened atomic potential (scr) and for the Coulomb
potential of the bare nucleus (Coul) differ by an energy-independent factor,

oS (W) = Z2 oSl (W), (1.1.139)

a a - a

where =2 is the ratio of electron densities at r = 0. This ratio is determined by the

normalization of the bound-state wave functions,

—2 1 [Pr%a/@a (T) + Qiana (r)]scr _ ( . [Pnalia (r)]scr )2
=, = lim — 5 = | lim ———~F—| .
r—0 [Pnana (T) + Qna/@a (T)]Cmﬂ r—0 [Pnaﬁa (T)]Coul

The accuracy of the normalization screening approximation can be practically assessed
by running our program with the DHFS potential and with the (unscreened) Coulomb
potential. It should be noted, however, that the proportionality only holds
when a point nucleus is considered in the DHFS calculation. Otherwise, the radial func-
tions for the DHFS potential and for the Coulomb potential have different shapes, a fact
that complicates the theoretical analysis. Indeed, the approximation is found to work
very well for photons with energies larger than the DHFS ionization energies. We may
expect that it will perform even better for “similar” screened potentials. Schmickley
and Pratt [19] went a step further and suggested that the normalization screening ap-
proximation can be effectively employed to relate cross sections calculated with different
atomic models. Scofield [7], more explicitly, stated that “the approximation probably
holds for an atom as a whole, if the single-particle model is given up.” Consistently,
he calculates cross sections for all the elements with the DHFS potential and lists the
normalization ratios =2 for orbitals obtained from the DHFS code and from restricted
relativistic Hartree-Fock calculations for Z = 1 to 54.

(1.1.140)

Following Scofield, it is evaluated =2 for all subshells of the ground-state configura-
tion of the elements Z = 1 to 99 using wave functions obtained from calculations with
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our DHFS program and with the MCDF program of Desclaux [21, 22]. The resulting
density ratios for the K shell and the L, M and N subshells of the elements are repre-
sented in Fig. (1.1} Because density ratios are less than, and close to unity, the displayed
quantity is the difference 1 — Z§,0pp o/ZDpps .- We see that the effect of the normaliza-
tion screening correction is a reduction of the cross section of the order of a few percent
or less, except for outer subshells with small binding energies, where it can rise up to
about 30 percent. Furthermore, the correction is larger for the outer subshells and,
consequently, its effect is most visible for photons with relatively low energies. We can
thus apply the normalization screening correction to the photoionization cross sections
obtained from DHFS calculations,

=2
o (W) = Syt gPHES (1) (1.1.141)
=DHFS,a

to get better estimates of cross sections, whose accuracy is expected to be comparable
to that of the MCDF model.
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Figure 1.1: Relative reduction of the subshell cross sections introduced by the normalization
screening correction, obtained from electron density ratios resulting from MCDF and DHFS
self-consistent atomic calculations.

1.2 Angular distribution of photoelectrons

Although the polarization of the photon does not affect the total cross section, it does
have an effect on the angular distribution of photoelectrons which, classically, accelerate
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in the direction of the electric field of the incident electromagnetic wave. The DCS for

ionization, Eq. (1.1.107)), can be expressed as
doion(W,¢)  (2m)%e*ch ky  qq

~

@) o @ R)] . (12102)

~

dk, w ey 2|Kal -

where it is introduced the emission amplitude (spinor)

~
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and [see Eq. ((1.1.98al)]
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J=1
><{%dmﬁwaiimyg%mw}, (1.2.145)

with [see Eqs. (1.1.97b)) and (1.1.97¢)]

. 2J + 1 . .
yg{)”bﬁaﬁa - 2J(J+ 1) <€b%jb HC(L)H ga%ja> R;]b"":b;ea/’ia’ (12146&)
. 2J +1 , .

Vinsewrs =\ iz ) am IOV Haze) "R, (1:2:1460)

The value of the component G is irrelevant here because the polarization vector is on
the x-y plane, i.e., (; = 0.

Evidently, the DCS is more difficult to compute than the total cross section,
Eq. , because of the dependence of the emission amplitude on the magnetic
quantum numbers of the initial and final states. As it will be seen, the DCS can be
effectively computed from Eq. . Of course, the resulting DCS is consistent
with the total cross section (|1.1.109), that is, when the emission amplitude is calculated
using the same number of k;, terms as in expression (1.1.109)), numerical evaluation of

the integral (1.1.108]) should yield the same result as Eq. (1.1.109)).

To obtain a more explicit expansion of the DCS in terms of Legendre functions (sim-
ilar, e.g., to that derived by Scofield [69] for linearly polarized photons), it is introduced
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the expression ([1.1.14]) of the spherical spinors, and make use of the orthogonality of
the unit spinors Y, to write

doy™(W,¢)  (2m)%e*ch Ky e
dk, N w TEY 2]/@1] Z Z GG zu:

meq v
Z —¢, * / /.
X E b exp — E G_y (Ko, Mp; Kayma) G* 0 (Ky, My Ko,y M)
A mymy,

X <£b> %a my — W, M'jb? mb> <€§;7 év ;; - M, :u|jl/>’ m?)) nbvmb—u(kb)yzz,mb M(kb) .

Introducing the Clebsch-Gordan series for the spherical harmonics, and after rather

lengthy transformations using conventional angular momentum recoupling algebra [38]
A1), 39], the DCS can be written in the form (cf. Ref. [69])

doion(W,¢)  (2m)%e*ch L
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where (i) and {::} are, respectively, Wigner’s 35 and 65 symbols, [38, 41, 39]. A
convenient simplification is obtained by using the formula

(g g ) b 0 ¢ " gy L
v(l, by, £}) (0 J;b Tb ) _ _\/(2£b+1)(2€b+1) (ob (;’ 0) {‘Z éf ) } (1.2.149)
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where v (£, 6y, ;) is the parity factor (1.1.30)). Noting that (—1)" = —1, and considering
the symmetry of the 37 symbols, we get

Ay = (e LS g 2+ 1) @+ 1) 27+ )

Kby sk, !

‘g o7 J J L
xu(z,fb,fz)(o f”l ]f){ L }
2 2 Jb Jo Ja
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evyJ s omAyJ ey’ s r mAyyJ'
X { yfb"ib;€af'ia EE yﬁb'ﬂﬁﬁaﬁa} { yﬁbﬁgxa/«ta + lv yebng;eanu} . (12150)
From the symmetry properties of the 35 and 65 symbols, it follows that
AZ

vv!

=[45]". (1.2.151)

In addition, because of the parity factor in the reduced matrix element of the Racah ten-

sor, Eq. (1.1.29), the vector coupling coefficients in (({1.2.150|) have reinforced symmetries
which imply that
Aﬁ1,+1 = Ag—l,—l and Aﬁ1,—1 = AE_LH- (1.2.152)

The right-hand side of Eq. (1.2.147]) can be reduced further by expressing the spher-
ical harmonics in terms of Legendre functions [41], 39]. We have

566 S AL Vil = 30 [
l

vv/! l

X (|C+1|2 + |C—1|2) ALy 1 Pi(cos )
(- 2)! o
+ Ez T 231 2Re (¢1¢3, €*) A%, -y PP (cos 9)] : (1.2.153)

where 6 and ¢ are the polar and azimuthal angles of the direction Rb, Py(cos ) are Leg-
endre polynomials and Pe@)(cos 0) are associated Legendre functions of order 2. Finally,

the DCS (|1.2.147)) can be cast in the form

doion(W, €) (2m)%e%ch ky  qq
R = — Ay P, 6
dk, W T XZ: ¢ Pr(cos0)

2 [Re (¢-1¢7,) cos(26) — Im (¢-1C%y ) sin(20)] D BeP (cos ) }1.2.154)
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where the coefficients A, and B, are real. It is worth noticing that the DCS is invariant
under inversion of the polarization vector (&' — —&’) Evidently, expressions of the
coefficients A, and By are quite involved and hard to compute because of the abundance
of vector coupling coefficients. In practice, it is more efficient to calculate the DCS

from the less elaborate formula ([1.2.142)) and the expansion (|1.2.143) of the emission
amplitude.

For linear polarization along the z axis, ¢ = % ((y1 = —1/v/2, (1 = 1/V/2), the
DCS takes the form obtained by Scofield [69],

doion(W,x)  (2m)%e*ch kb a

3 A, P, - B 9 P(2) '
dky W 7 2[@\;{ ¢ Pr(cos ) ¢ cos(29) B, (COSG)}

(1.2.155)
In the case of circular polarization, which corresponds to { = =&, ({41 = —1, (1 =0,

right handed) or ¢ =&_; ({41 =0, (_; = 1, left handed), Eq. ((1.2.154) becomes

dolon(W,F€,,)  (2m)%e*ch ky  q,
a 1 = = Ay Py(cosb). 1.2.156
= W me 2‘%‘; ¢ Py(cosb) ( )

As expected, in this case the angular distribution of photoelectrons is axially symmet-
rical, i.e., independent of the azimuthal angle ¢ of the direction ky. We also note that
the DCSs for right- and left-handed circular polarizations are identical, and equal to the
DCS for unpolarized photons (see Section .

Sauter [29] derived an analytical expression of the DCS for ionization of the K shell
of atoms by photons linearly polarized along the z axis from the Born approximation,
i.e., from the above formulation with hydrogenic initial orbital and the photoelectron
distorted plane waves replaced by Dirac plane waves. The normalized probability dis-
tribution function of the photoelectron direction obtained by Sauter reads [29] [70]

1 doi(W, %)
auter COs 0’ = i E ~ :

3 3v(y—2) 1 1+8\]"
‘W[”Z o (1_25v21“1—5)]

. 29
X (1_81;70)4 {COS2¢ {1 — %7(7 —1)(1 — B cos 9)}

—1—27(7 —1)*(1 — Bcos 6)} , (1.2.157)

where § and v are defined by Eqs. (1.1.125)) and ((1.1.126)). The angular distribution for

unpolarized photons is obtained by averaging over polarization directions (or, equiva-
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lently, over the azimuthal angle ¢), which gives
3 3 y(y—2) 1 14+8\]"
= — |14 -——2(1—- In ——
pSautar(COS 9) 871")/4 |: -+ 1 7+ 1 2ﬁ72 n 1_ B
sin’ @
X —
(1 —Bcosh)*

1+ %7(7 —1)(y—2)(1 — Bcos 8)} (1.2.158)

Sauter’s distribution is used in the majority of high-energy Monte Carlo radiation codes.
It gives fairly realistic results for the K shell of elements with small and moderate atomic
numbers, say up to Z ~ 30. However, the corresponding total cross section is less
accurate than Pratt’s high-energy formula ([1.1.124]).

1.2.1 Partially polarized photons
Pure polarization states can be described by the Poincaré vector, P = (P, P, Ps),
whose components are the Stokes parameters (see Appendix B). The Poincaré vector of
pure states has unit length and can be expressed in polar form, [see Eq. (1.1.53))],
P = (sina cos 3, sin« sin 3, cos @) . (1.2.159)
The corresponding polarization vector is [see Eq. (1.1.55))]
C(P) = cos(/2)€; + sin(a/2) exp(if) €, (1.2.160)

with spherical components [(, = &,-¢, see Egs. (1.1.35)) and (1.1.33))]

(1(P) = —% [cos(a/2) + isin(a/2) exp(if)], (1.2.161a)
and )
(.1(P) = 7 [cos(a/2) —isin(a/2) exp(iF)]. (1.2.161b)
It follows that
C1(P)C(P) = —5 (cosar — isinavcos f) = —3(Py — iP)). (1.2.162)

Consequently, the DCS ([1.2.154)) can be written as

doion(W, P) (2m)%e%ch ky  qq
L = — Ay P, 0
kL, W wen 2] ZZ: ¢ Pr(cos0)

— [Py cos(2¢) + Prsin(2)] Y BeP?(cos 9)} . (1.2.163)
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Let us now consider the angular distribution of photoelectrons for photons with arbi-
trary polarization represented by the Poincaré vector, P = (P, P,, P3). The polarization

density matrix can be expressed as [see Eq. (1.1.60))]

1(10 1( 1+P, P —iP,
p=(1—-P)= wpo | ST TR (1.2.164)
2\ 01 2\ Pl 1Py 1P

where P = (P? + P? + P2)'/? is the degree of polarization and P/ = P;/P. The latter
quantities are the Stokes parameters of a pure state with polarization vector

C(P') = cos(a'/2) & + sin(a’/2) exp(i8') &2 (1.2.165)

where
P +iPj

Equation (1.2.164]) means that the photon beam can be regarded as the incoherent
superposition of two partial beams: an unpolarised beam with relative intensity (1— P),
and a fully polarized beam with Poincaré vector P’ = P /P and relative intensity equal
to the degree of polarization. On the other hand, the unpolarised beam is equivalent
to the superposition of two polarized beams with opposing polarizations, P’ and —P’,
and equal intensities. This implies that the DCS for photons with polarization P can
be calculated as a weighted average of the DCSs for photons with pure polarizations P’
and —P’,

o' = arccos P, exp(if) = (1.2.166)

doy"(W,P) _ 1-P (daﬁf”(ﬂf ¢(B))  do"(W, C(—P’))) L p do" (W ¢(P))

dk, 2 dk; dk, dk,
ion / _ ion _ P!
2 dk, 2 dk,
where
C(—P') =sin(a//2) & — cos(a’/2) exp(if’) €2 (1.2.168)

is the polarization vector corresponding to the Poincaré vector —P’ [see Eq. (1.1.55)].
The DCS ([1.2.167]) can be expressed as a Legendre series in terms of the Stokes param-
eters,

dolon (W, P) (2m)%ech ky  qq
L = — Ay P, 0
L, W TN ; ¢ Pi(cos )

— [P3cos(20) + Prsin(20)] Y BeP? (cos 9)} . (1.2.169)
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1.3 Numerical calculation of cross sections

Our Fortran program PHOTACS calculates cross sections for ionization and excitation
of subshells of free atoms and ions using the theory presented above (Section .
The structure and numerical algorithms adopted in the program are similar to those
employed in the programs developed by Bote and Salvat [71l [72] to compute cross
sections for inelastic collisions of charged particles with atoms. PHOTACS calculates the
radial functions of initial and final electron states by means of an updated version of the
subroutine package RADIAL [73] [74], which allows strict control of numerical round-off
errors. The RADIAL subroutines are also used in the self-consistent calculation of the
DHFS potential [74]. Vector-coupling coefficients and reduced matrix elements of the
Racah tensors are calculated from their analytical formulas [38, [39] using a subroutine
package that performs arithmetic operations at a high level of precision, well beyond
Fortran double precision, by working in radix (base) 1,000.

The program reads the potential V' (r) felt by the active electron from an input file;
the information to be provided in that file is a table of values of the function 7V (r), for a
dense enough grid of radii to allow accurate interpolation by natural cubic splines. The
function 7V (r) is required to be finite for all r, but is otherwise arbitrary. Optionally,
the program also allows the unscreened Coulomb potential of the bare point nucleus to
be used. As indicated above, in the calculations it is normally used the DHFS potential
described in Section A.2. For the evaluation of the integrals , the radial functions
are calculated for a non-uniform radial grid, with 16 points in a wavelength, from which
the integrals are evaluated using the 6-point Lagrange quadrature formula. The stability
of the calculations was verified by using denser radial grid with 25 points/wavelength;
cross sections computed with the two radial grids differ by less that 107°.

The reduced cross section for excitation, 75:°(W), is computed according to Eq.

. The difficulty of the calculation increases with the principal quantum number
ny, of the final level because the radial functions of the final state extend to larger radii.
We only need values of the radial functions of the final level for computing the radial
integrals for the relatively small radii at which the radial functions of the initial
state take appreciable values. However, the radial equations of the final state still need
to be integrated up to large radii to determine the energy and normalization of the state.
As indicated in Section [I.1.9 above, the program effectively computes the reduced cross
sections for excitations to discrete levels with n, < 18.

The calculation of ionization cross section (W), Eq. , is performed by
adding the grouped contributions from k, = =|kp| in increasing order of |kp|. The
summation is discontinued at the first term which becomes less than 107 times the
accumulated sum. Our program allows values of || to be considered up to ~ 200. The
number of terms N needed to get convergence of the series increases with
the energy of the photon, and it is fairly independent of atomic number of the target
atom and the considered subshell. Typical values of N, are about 5, 7, 10, 15, 35, and
150 for photons with energies of 100 eV, 1 keV, 10 keV, 100 keV, 1 MeV, and 10 MeV,

respectively. An analysis of the variation of the calculated G'"(ky, ko) values with |ry|
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indicates that the relative numerical errors of the computed ionization cross sections are
usually less than about 1075,

The ionization cross section ¢'®*(W) can be calculated for photon energies W from
threshold (W = E,) up to a cut-off energy W for which the spacing of the radial grid
where wave functions are tabulated is insufficient to reproduce the fast oscillations of
the integrands in Eqs. . Typically, the cut-off energy is larger than about 500E,,,
where F, = —¢, is the ionization energy of the active shell. It is worth mentioning that,
despite our superior computer power, PHOTACS does not allow much higher energies
than Scofield’s calculations to be reached.

The computer program generates a table of ¢i°(W) for a grid of energies extending
from threshold up to the cut-off energy. This table contains a nearly logarithmic grid,
with 15 points per decade, plus a number of additional energies that are set by means of a
self-adaptive method. The resulting energy grid is such that linear log-log interpolation
errors are kept below some prescribed limit, which in the program was set equal to
0.05 %. For elements with atomic numbers near 19, 37, 55, and 87 (i.e., near the
alkalies), this procedure reveals near-edge structures that were partially overlooked in
Scofield’s tables. Otherwise, our results agree closely with those of Scofield, typically to
within about 0.05 %, the differences being mostly attributable to the different numerical
methods employed to solve the radial Dirac equations.

Figure displays the cross section for photoionization (W > E,) of the K shell
of argon atoms as a function of the photon energy. The solid line represents results
calculated from the general formula (1.1.109)), and extends over the energy interval
where calculations with PHOTACS are feasible, i.e., from the ionization threshold up to
Wt which in the present case is 2 MeV. For comparison purposes, it is included cross-
section data from the EPDL [14], which were calculated by Scofield using the DHFS
potential. The close agreement between our results and those of Scofield, which were
generated using different computer codes, provides a clear indication of the accuracy of
the numerical algorithms. Notice that the extrapolation formula (|1.1.133) agrees well

with the numerical results in a wide interval, differences are less than 2 % down to about
200 keV.

Because excitation to bound levels is limited to a narrow energy interval, it is ne-
glected in most of the existing databases and Monte Carlo simulation codes. Further-
more, the finite width of atomic levels is usually disregarded. These two effects become
significant for describing the penetration and dosimetry of photon beams with energies
near absorption edges. A situation where these effects are observed is in experimental
measurements of the photon mass energy-absorption coefficient of air [75]. The values
of the coefficient predicted by Monte Carlo codes, although in fairly good agreement
with experiment, fail to reproduce the structure displayed by the measured coefficient
near the energy of the K absorption edge of argon.

The contribution from excitation to bound levels (Section [1.1.9)), the effect of the
atomic-level width (Section [I.1.11]), and the normalization screening correction (Section
(1.1.12)), are accounted for by a post-processing program, named PHOTACS-PP, which
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Figure 1.2: Cross section for ionization of the K shell of argon atoms by absorption of
photons, as a function of the photon energy W. The solid curve, which extends from threshold
up to about 2 MeV, is the numerical result calculated from expression . The dashed
curve (red online) is the prediction of the extrapolation formula . The dotted curve
(blue online) was obtained from the dipole approximation. Diamonds represent data from the
EPDL [14].

reads the tables of numerical cross sections generated by PHOTACS. This program de-
termines the polynomial approximation for the excitation pseudo-continua,
extrapolates the ionization cross section to high energies using the formula ,
and performs a convolution with the Lorentzian profile [see Eq. ] The
result from PHOTACS-PP is a realistic photoelectric cross section, which varies continu-
ously with energy and exhibits excitation structures that are in qualitative agreement
with measurements in gases. Figure displays this cross section for absorption in
the K shell of argon atoms of photons with energies near the edge (using the original
DHF'S energies calculated by PHOTACS). The right panel is a magnified view of the step
function (|1.1.118) which describes the contribution of excitations to bound levels with
n, < 18, and the polynomial approximation to the quasi-continuum. Notice
that, as it is already mentioned, the excitation and ionization cross sections match at
the edge. Figure [1.4] shows calculated cross sections for the subshells of argon and their
sum, the atomic cross section. Interestingly, the dipole approximation is seen to predict
subshell cross sections quite accurately for photon energies up to about 10 keV.

Optionally, the program PHOTACS can calculate the DCS for ionization, i.e., the
photoelectron angular distribution, for a photon beam with energy W and polarization

defined by the Stokes parameters P [see Eq. (1.2.167)]. The calculation starts by com-
puting the ionization cross section oi®(W), Eq. ((1.1.108), as described above. The

a
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Figure 1.3: Left: Cross section for absorption in the K shell of argon atoms as a function
of the photon energy W in a narrow interval around the edge energy. The solid curve in the
left panel is the cross section given by PHOTACS-PP, including contributions from excitations
to bound levels and accounting for the finite level width. Diamonds represent the energies
and relative contributions (not to scale) of the lowest excited levels, which are treated as
discrete resonances. Right: Magnified view of the step function , the polynomial
approximation ([1.1.122)) (solid curve, red online) to the excitation quasi-continuum, and a
part of the photoionization cross section (dashed curve).

quantities e’m;)/i rnicars [5€€ Q8. ] computed at this stage are stored in memory.
The DCSs for pure polarization states can be calculated either from Eq. , which
involves a minimum of angular momentum algebra, or from the more elaborate expres-
sion , which requires lengthier preliminary calculations. The DCS is calculated
and tabulated for a dense grid of directions k; of the photoelectron, defined by the polar
and azimuthal angles, 6 and ¢, respectively. The DCSs obtained from the two schemes
[i.e., from Egs. and ([1.2.154)] are identical because we are using exact (double
precision) values of vector coupling coefficients. The amount of work needed to sum the
series increases quickly with photon energy. Consequently, for photon energies
well above the absorption edge, the calculation from Eq. is much faster than
from Eq. . The accuracy of the results can be verified by comparing the cross
section oi°"(W) calculated previously with the value obtained by numerical integration

of the DCS table for non-polarized photons. The numerical values resulting from the
two calculations normally agree to more than 5 digits.

Figure [1.5| shows calculated DCS for ionization of the K shell of argon by unpo-
larized (or circularly polarized) photons. For comparison purposes, it is also included
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Figure 1.4: Cross sections for photoabsorption (excitation and ionization) in the subshells of
argon atoms as functions of the photon energy W (thin solid curves), calculated by PHOTACS-
PP using experimental level widths. The thick solid curve (red online) represents the total
atomic cross section. Dashed curves (blue online) are cross sections obtained from the dipole
approximation.

results from the dipole approximation, i.e., DCS calculated from the emission ampli-
tude with the G4 coefficients given by Eq. . It is seen that the dipole
approximation works much better for the total cross section than for the DCS. The
dipole DCS agrees reasonably with the partial-wave results only for energies near the
ionization threshold; it fails to describe the progressive decrease of the most probable
emission angle when the photon energy increases. Interestingly, the Sauter distribution,
Eq. , renormalized to reproduce the calculated cross section, provides quite an
accurate description of the angular distribution for all energies because the example
falls within the domain of applicability of Sauter’s theory (K shell, moderate atomic
number). For other subshells and for heavier elements the approximation is much less
satisfactory.

Figure displays DCSs of the K shell of argon for 50 keV photons with linear
polarizations along the x and y axes. The sum of these two distributions, with weights
equal to %, is the DCS for an unpolarized photon beam [see Eq. ((1.2.167))], the numerical
results agree with those obtained for a circularly polarized beam, which are independent
of the azimuthal angle ¢ [ cf. Eq. (1.2.156)], to more than 5 digits. The DCS for linear
polarization at 45 degrees from the x axis, which corresponds to the Poincaré vector
P = (1,0,0), is also displayed. Evidently, the maxima in the DCS are at directions
with the azimuthal angle coinciding with that of the electric field; the polar angle of
the maxima is close to 90 deg at small energies and decreases when the photon energy
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Figure 1.5: Differential cross sections for ionization of the K shell of argon atoms by
unpolarized photons of the indicated energies. Solid curves represent partial-wave numerical
results. Dashed curves (blue online) are results from the dipole approximation. Dot-dashed
curves (red online) correspond to the Sauter distribution, Eq. , multiplied by the
numerical total cross section calculated from Eq. .

increases (Fig. |1.5) because photoelectrons do absorb part of the linear momentum of
the photon.
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Figure 1.6: DCSs for ionization of the K shell of Ar atoms by absorption of 50 keV photons,
in barn (= 10724 cm?), as functions of the polar angle § and the azimuthal angle ¢ of the
direction of the emitted photoelectron, both in degrees.
linearly polarized along the x axis [P = (0,0, 1), top], along the y axis [P = (0,0, —1), middle],
and along the direction ¢ = (X +¥)/v/2, at 45 deg from the z axis [P = (1,0,0), bottom).

(Color online)

The plots correspond to photons



Chapter 2

Inverse problems in radiation
spectrometry

Inverse problems are a relatively recent mathematical branch. They were studied for the
first time by the Soviet-Armenian physicist Viktor Ambartsumian which published his
work in the Zeitschrift fiir Physik journal in 1929. Ambartsumian studied the inverse of
the Sturm-Liouville problem trying to find the form of an equation given an ensemble
of eigenvalues. The work of Ambartsumian remained in obscurity until the interest on
these problems, coming from both the scientific and the industrial community, started to
increase with the technological development of modern diagnostics machines like TAC,
SPECT, etc. The principle of operation of these technologies is to reconstruct two or
three dimensional objects given their projections. Practically they solve the inverse
problem of reconstructing the geometry of an object using its projection.

This kind of problem has ancient roots. About 2000 years ago Plato in the VII book
of ”The Republic” described the so called ”Problem of the cave”. A prisoner, trapped
in a cave, try to reconstruct the objects outside the cave by observing their shadows
projected on the cave wall. Plato used, without having no idea of it, an inverse problem
as a metaphor for the human discovery of reality and its real nature. Such metaphor
describes perfectly the essence of one of the most well known inverse problem type: the
unfolding.

In the unfolding process the data, coming from a measurement, are corrected by the
influences of the measurement system. Practically the unfolding recovers, when it is
possible, the loss of informations due to the measuring process.

Actually there is no generalized procedure to follow for solving an inverse problem.
Each different situation could require a special strategy, centred on the specific charac-
teristics of the problem. Sometimes the formalization of an inverse problem can lead to
the so called ill position which prevents any attempt to find a meaningful solution.

A more rigorous description of an inverse problem can be given by considering the
following equation:

y =Kx, (2.0.1)
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where x, I and y are respectively a generic input vector, an operator and an output
vector. Equation ([2.0.1)) represents a classical cause-effect (input-output) direct problem
which is the standard description for several physical systems. From the direct problem
it is possible to define two different types of inverse problems:

1)Given the output and the operator, reconstruct the input.

2)Given the output and the input reconstruct the operator.

Unfolding problem belongs to the first category and it will be the central topic of this
chapter. Formally it is possible to represent an inverse problem by the inversion of the
operator K:

x=K'y. (2.0.2)

Usually and unfortunately it is not easy to compute the inverse of an operator and the
inverse problem has to be formalized by using the direct one. This is not the only difficult
in approaching this topic. Another fundamental peculiarity is that inverse problems are
usually ill posed.

A mathematical problem is ill posed if it does not respect the so called Hadamard
conditions:

1)Existence: Given y it exists, at least, one x which satisfies Eq.(2.0.1)
2)Uniqueness: Given y it exists only and only one x which satisfies Eq.(2.0.1])
3)Stability: x depends with continuity on y

The most frequent situation is that the direct problem is well-posed and its related
inverse one is not. With an Ill-posed problem there is no hope to find a solution with
physical meaning, however in some cases it is possible to reformulate the problem avoid-
ing the ill-position.

All this peculiarity characterize also unfolding for radiation spectrometry, which is
the central topic of this chapter.

Referring to fig. when it is performed an X- or Gamma-Ray measurement part
of the scattered beam, coming from the target, is captured by the detector which pro-
duces a signal collected by the pulse handling circuitry with the multi-channel analyser
(MCA). Unfolding strategy reconstructs the scattered spectrum (original spectrum) by
the knowledge of the measurement (the spectrum given by the multichannel analyser)
and all the effects (o the measure) of the detector and its related pulse handling cir-
cuitry. It is worth nothing that the effects coming from the pulse handling circuitry and
the detector are uncorrelated and they can be separated without any consequences to
the generality of the problem. This means that the unfolding can be divided as well in
two steps:
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Figure 2.1: Radiation measure system

1)Unfolding from the effects of the pulse handling circuitry (Pulse pile-up).
2)Unfolding from the effects of the detector (detector response function).

Following this subdivision the present chapter is organized in three sections.

In the first section it will be discussed the so called pulse pile-up effect and its
consequences on a measure. This is one of the most important pulse handling circuitry
effects on the measured spectrum. Other effects coming from pulse handling circuitry
will be discarded. This is possible because modern detectors comprise built in electronics
which can efficiently correct these effects on-line (i.e. during the measure), without the
need of post process correction.

Then a second section regarding the computation of the so called detector response
function which represents an elegant formalism for describing together the principal
mechanism of interaction between the radiation and the detector.

Finally it is reported a concluding section on the detector unfolding strategy.

For all the topics described before it will be reported all the results obtained during
this PhD course which are published in [2] [3] [4] [5]
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2.1 Pulse pile-up

One of the most important influence of the pulse handling circuitry, on the radiation
measure, is represented by the so called pulse pile-up effect (PPU). The PPU is an
always present effect which cannot be completely avoided in every measure performed
with an high counting rate (necessary for a good statistics). Pulse handling circuitry
cannot process correctly too many pulses arriving in a too short time interval. When
pulses are too close together they can be overlapped and recorded at wrong energies.

PPU effect is strictly connected to the shape into which the pulses are modelled
inside the pulse handling circuitry. As reported in [76], there are two different type of
PPU: tail and peak PPU.

W

Time

Figure 2.2: Tail pile-up

If the pulse shape is characterized by long duration tail or undershoot it is possible
that one or several pulses can be superposed to the tail (or to the undershoot) leading
to the so called tail pile-up. The direct consequence of this superposition are pulses
collected with wrong energies. In ﬁg. it is possible to see the tail PPU between
two pulses characterized by long tail. Through tail PPU long pulse tail or undershoot
worsen the detector resolution adding wings to the recorded peaks in the pulse height
spectra. Unfortunately tail and undershoot can persist for relatively long time periods
so tail pile-up can be significant even at relatively low counting rates.

Actually this effect can be efficaciously corrected on-line by the so called rise time
discriminator (RTD) [76] function which is comprised in several modern detector pulse
handling circuitry. RTD cuts the long pulse tail or undershoot allowing to discard this
effect without a significant error.
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Figure 2.3: Peak pile-up

Regarding Peak PPU (from now when is used the acronym PPU it will refer only to
peak pulse pile-up) it is the most difficult PPU effect to correct in a measured spectrum.
It is directly connected to the so called dead time 7 of the counting system. This
parameter, 7, is defined as the minimum amount of time necessary to record two pulses
as separated events [76]. If the time gap between two pulses is lower than the dead time,
they cannot be distinguished and are recorded as a single pulse at a distorted energy
(PPU effect, see ﬁg. It is possible that not only two but also three or more pulses
(a pulse train) are recorded as one. The number of pulses piled-up together is called the
order of the pile-up.

Due to the random nature of emission, the PPU worsen with the increasing of the
radiation source emission rate. Increasing the emission rate, in fact, the probability
to have time gap smaller than 7 increases and, as a consequence, PPU becomes more
and more visible. High emission rate is mandatory for obtaining spectra with good
statistics in an acceptable amount of time. In order to avoid severe distortions due to
PPU, modern detectors comprises built in rejection circuitry which performs an on-line
correction of PPU. Unfortunately the current state of the art of rejection circuitry can
only attenuate PPU without correcting it at all. The remaining distortion could be still
evident and not negligible in the measures requiring a post process correction.

There are two opposite and so called dead time behaviours for a pulse handling

circuitry as showed in fig.([2.4)).

In the paralyzable detector true events occurring during a dead time are assumed
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Figure 2.4: Dead time behaviours: (A) Non paralyzable detector. (B) paralyzable detector.
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to extend the dead time by another 7 period following the lost event. In the non
paralyzable, events occurring in the dead time are assumed to have no effect on the
behaviour of the detector. The paralyzability behaviour of a detector directly affects
the measured counting rate which can be strongly different from the true interaction
rate.

It is possible to define the true interaction rate m as the total number of events
occurring in the detector during the real measurement time. Instead the measured
counting rate m represents the total number of recorded pulses during the live time of
the detector. As reported in [76] in the nonparalyzable detector:

n—m = nmr, (2.1.3)

where n7 represents the average number of pulses lost in the dead time. Multiplying this
average loss with the measured counting rate it is obtained the difference in Eq.(2.1.3))

which give the relation:
m

n= (2.1.4)

C1—mr

In the paralyzable case dead periods are not of fixed lengths and it is not possible
to apply the same argument for the nonparalyzable. However the rate m is identical to
the rate of occurrences of time intervals between true events which exceed 7:

m=ne ". (2.1.5)

Real detectors have always an hybrid behaviour and paralyzable and nonparalyzable
models are only extreme cases (see [76]).

PPU has three important consequences on the measured spectra: in first place, the
recorded spectrum suffer a net loss of counts; secondly, pile-up photons are assigned to
wrong energy channels and, finally, the whole spectrum is distorted since the lost pulses
are not collected at the proper energies.

Different post processing methods have been developed for characterizing the PPU
and to obtain a corrected high counting spectrum. Analytical techniques based on first
principles were implemented in the works [77] and [78]. Statistical methods were also
implemented. The Monte Carlo approach was introduced by Bristow and Harrison [79].
In order to make the Monte Carlo strategy adaptable to different kind of detectors
Sabbatucci et al. [3] proposed the code MCPPU which allows to consider the specific
pulse shape of the detector.

In what follows it will be exposed a new theoretical approach developed during this
PhD course [2] and a revisited Monte Carlo approach [3] to the PPU. Regarding the
theoretical approach it will be considered only second order PPU and a rectangular
pulse shape. Due to this assumptions it is possible to provide a simple and fast strategy
for PPU correction which requires a minimum amount of information for being applied
(the dead and live time and the measurement). The Monte Carlo approach indeed will
be introduced for handling more complicated situations where the pulse shape can not
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be considered rectangular and higher PPU orders are not negligible. The solutions of
both approaches will be compared for some paradigmatic examples. In particular, it
will be considered a Si solid state detector (SSD) comprising PPU suppression circuitry
active.

2.1.1 Peak PPU Balance equation

Consider a measured spectrum y(F) in a continuous energy range and the related mea-
sured counts in each infinitesimal energy bin dF, i.e. y(F)dE. From the physical point
of view it is considered the measured spectrum before the action of the MCA. The y(F)
spectrum can be related to the original spectrum h(FE), free from PPU effect, through
the following counts balance equation:

y(E)dE = h(E)dE — L(E)dE + R(E)dE | (2.1.6)

where L(E)dE and R(E)dE denote, respectively, the probable number of lost and in-
coming pulses due to PPU in the generic bin [E, '+ dE]. It is possible to introduce the
normalized original spectrum h(FE) and the total number of counts N; as:

E)/ / h(E')dE' = h(E)/N, , (2.1.7)

and the related quantity h(E)dE which represents the probability of having one pulse
with energy between E and E + dE. Assuming the generation of different pulses as an
ensemble of completely independent processes the probability to have two pulses with
energy in [E}, By + dF,| and in [Ey, By + dFEy) is simply h(E))h(Ey)dE dE,.

In order to find the mathematical expressions for both L(E)dE and R(E)dE, it
is possible to introduce the differential PPU probability (8?/ 8E) dE. This quantity
represents the probability of having second order PPU with the resulting pulse energy
lying in [E, E + dE]. The integral over all the possible resulting energies represents the
total probability P of having second order PPU.

Using the total PPU probability the expression of L(E)dE is:
L(E)dE = 2Ph(E)dE . (2.1.8)
The probability of having PPU, considering the pulse coming from [F, E + dE] as the
first or the second pulse, is the same and so the factor 2 is introduced.

Regarding R(E)dE the probability of having two pulses with energy in [F1, Fy +dE|
and [Es, Fy+ dEs] which, piled-up together, produce a new pulse with energy in [E, E +
dE] is h(Ey)h(Es) (OP/OE) dE\dE,dE. By integrating this expression and multiplying
it by N; we obtain:

R(E)dE = N, // h(Es) —dEldEg dE . (2.1.9)
0 0
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By replacing Eqs.(2.1.8) and (2.1.9) in Eq. (2.1.6) we obtain the nonlinear integral
balance equation:

y(E)=(1-2P)h +Nt// (E1)h(E,) —dEldEg (2.1.10)

2.1.2 Pulse pile-up probability

In order to find the mathematical expression of 9P/JE it is possible to adapt, to our
case, the method proposed in [77] for finding PPU probabilities. Assuming the gen-
eration of pulses as a Poisson’s process, the probability that n uncorrelated events
(generations) occur in the time distance, from 0 to t, is:

At)"
P,(t) = ( ') e M. (2.1.11)
n!
where A is the original counting rate not affected by PPU. Considering two pulses, with
energies F; and Es, one generated at t = 0 and the other generated in [t1, ¢, 4 dt;] with
th<T:

0 t1 T t

Figure 2.5: Pile-up between two rectangular pulses with energies F; and Fs and a time gap
t1 + dt;. The resulting pulse is still rectangular with energy E.

Following the Bayes theorem we can define the differential probability that two pulses
are piled-up together as the product of three separated probabilities:

d? = Po(tl)Pl(dtl)Po(T — tl — dtl) y (2112)
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where using the Poisson formula we have:

Py(ty) = e (2.1.13)
Py(dty) = Adtye ™ = \dt, | (2.1.14)
Py(T — ty — dty) = e ATtimdh) — o=Alr=t) (2.1.15)
Inserting Eqs.(2.1.13]), (2.1.14) and (2.1.15]) in Eq.(2.1.12]) we obtain:
dP = Xe™dt, , (2.1.16)

Integrating Eq.(2.1.16)) between 0 and 7 we obtain the total probability of having pile-up
of order 2:

P=X"71. (2.1.17)

As reported in [77] [80] t; is directly correlated to the energy of the resulting pulse.
Calling f(t) the pulse shape function, two pulses piled-up together will produce a new
pulse with shape f(t):

f(t)=Eif(t) + Exf(t —t1), (2.1.18)

The energy of the resulting pulse, F, will be:
E=Ef@)+EfI-t), (2.1.19)

where 7 is the time where f(t) reaches its maximum. It is possible to invert Eq.(2.1.19)
for obtaining ¢; as functions of F;, F5 and the resulting pulse energy E. Differentiating
t1 considering only the resulting pulse energy E, i.e. dt; = (0t;/0F)dE , we have:

F:
d e 9E

dE . (2.1.20)

2.1.3 PPU balance equation for rectangular pulses

Eqns.(2.1.17) and (2.1.20)) can be used to generate the balance equation for a generic
pulse shape. In particular, for a rectangular pulse shape the energy of the resulting

pulse from PPU is:

E = E1 + E2 VAtl € (0, 7') s (2121)
This allows us to write: 5
t

8—5 — 7[E — (B, + Ey)] . (2.1.22)

dP = M\te " §[E — (E) + Ey)]dE . (2.1.23)
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By replacing Eqgs.(2.1.17) and (2.1.23]) in Eq.(2.1.10)) we obtain the following nonlinear

balance equation:

Emax

W(E) =ah(E)+b / WE)R(E — Ey)dE; . (2.1.24)
Emin
where w(E) = y(E)/N; , b = Me ™ and @ = 1 — 2b. This equation is valid either

for paralyzable and nonparalyzable detector models because paralyzabilty affects only
higher orders of PPU.

In order to test Eq.(2.1.24)), we can consider for example a monochromatic normalized
original spectrum, h(E) = §(E — E) . Then, Eq.19 becomes:

w(E) = ad(E — E) +b§(E —2E) . (2.1.25)
which integrated for all the energies of the spectrum gives:
M, = N1 — Are ] (2.1.26)

with M, representing the total number of counts of the measured spectrum. As reported
in [76] considering the live time t,, we have the measured counting rate A,:

Am = — = A1 — Are™] (2.1.27)

m

Using Eq. (2.1.5) we obtain the well-known expression:
Am = Al = 7Am (2.1.28)

which allows to find /V; and the original counting rate A\ and from A,,, 7 and %,,.

It is possible also to test the stability of Eq.(2.1.24]) supposing to have a corrected
spectrum perturbed by a limited function:

hE)=x(E)+ Bsin(nBE) for n=1,2,.. (2.1.29)

substituting this expression in Eq. [2.1.24] we obtain:

Emazx

w(E) = alx(E)+ Bsin(nBE)] +b / [x(E1) 4+ Bsin(nfE)]

E'min

x{z(E — Ey) + Bsin[nB(E — Ey)|}dE; . (2.1.30)
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which becomes:

Emaz
w(F) =azx(E)+0b / z(Ey)x(E — Ey)dE; + aBsin(nSE) +
Emin
Emazx
+b / x(Fy)BsinnB(FE — Ey)|dE; +
Emin
Emax
Emin
Emaz
+b / Bsin(nBEy)BsinnB(E — Ey)|dE; . (2.1.31)
Enin
calling:
Emaz
Wunp.(F) = ax(E)+b / x(Fy)x(E — Ey)dE; , (2.1.32)
Ermin
it is obtained:
W(E) = Wynp.(E) + afsin(npE)
Emaz Emaz
+b / 2(By)Bsin[nB(E — E)|dE; +b / Bsin(nBE))z(E — Ey)dE,
Emin Emin
Emaz
+b / Bsin(nBEy)Bsinnf(E — Ey)|dE; . (2.1.33)
Emin

considering that:
sin(nBE) sin[nB(E — By)] = %{cos[nﬁ(ZEl _ B)] - cos(nBE)} (2.1.34)

we have:

Emaz
W(E) = wunp.(E) + aBsin(nfE) + b / x(Fy)Bsinnb(E — Ey)|dE, +
Enmin
Emazx b 9 1
+b / Bsin(nBE;)x(E — Ey)dE; + % {m [sin(nB(2FE e — F))

Emin

—sin(nB(2Enin — E))] — cos(nBE)(Emar — Emin)} - (2.1.35)
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From the Riemann Lebesque theorem [81] we can see that, for n >> 1:

2

W(E) = wunp (E) + aBsin(nfE) — % cos(NBE)(Emar — Emin) - (2.1.36)
The problem is always stable.
2.1.4 TIterative method for solving order two PPU balance equa-
tion

In what follows it will be shown that the solution of Eq.(2.1.24)) can be found by com-
puting iteratively:

Emaz
w(E) = —azW(E)+b /hx”NEﬂx”4NE——EQdE1i::L2“wn, (2.1.37)
Emin
with the condition:
+O(E) = w(E) . (2.1.38)

To find the solution of Eq.(2.1.24]), let us compute its Laplace transform::
7(s) = ah(s) +bh(s)?. (2.1.39)

One solution of this equation can be written as a continued fraction:

Rg:—%+%%3. (2.1.40)
which becomes:
E@y:—%+ y@;ﬁ . (2.1.41)
)
S0

The term with the continued fraction in Eq.(2.1.41]) can be obtained from the following
iterative equation:

w(s) = —axD(s) + bx®(s)2V(s) i=1,2...,n, (2.1.42)
with 2(%(s) = w(s). Then, z(V(s) becomes:

w(s)

) =

(2.1.43)
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and similarly we find the subsequent z(?(s) , 23 (s),, 2" (s) in the Laplace domain:

li (n) —
Jim 2 (s) o (s)

(2.1.44)

The difference between Eq.(2.1.41]) and ([2.1.44]) is only the constant term which anti-
transformed gives a delta in the zero energy which is not relevant. Then we find

Eq.(2.1.37) by antitransforming Eq.(2.1.42]).

Let us considering the discretization of Eq.(2.1.37)) in N energy bins:

J
w; = —a x§.z) + bz 1:,(;)1:§.z__k1) ) (2.1.45)
k=1

Each iteration of Eq.([2.1.45)) requires the solution of a numerical system:
& =Pz (2.1.46)

Where the matrix P can be expressed using the step and Kronecker functions H(j — k)
and 0 :
Pjp=—adj,+ be;-Z:kl)H(j — k) (2.1.47)

The coefficients a and b allows the diagonal dominance, so for each iteration a SOR
(successive over relaxation) method can be implemented.

The algorithm used for implementing the deterministic strategy of this work can be
summarized as follows:

(1) Read the input data: 7, y, t,,.
(2) compute the integrated spectrum: M; = Z Yi

3) compute the the measured emission rate: A, = M;/t,,
4) compute the true emission rate: A = \,,,/(1 — 7A,,)

5) compute: b = Ate

7) compute the integrated original spectrum: N; = M, /(1 —b)
8) compute: w; =y;/Ny for j=1,2,..,N
9

initialize:

(3)

(4)

(5)

(6) compute: a =1 —2b
(7)

(8)

(9) (0):wj for j=1,2,....N
(

10) for i = 1,n (n is the total number of iteration chosen equal to 5)

(a) Initialize: Py, =0
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(

(
(
(
(
(

b) for j =1, N
(I) set: Pj; =a
(11) for k=1, N
() if j > k then
(a)set: l=7—k+1
(b) compute: Pj, = Pjj, + bxgi_l)
(B) end if.
(IV) end for.
¢) end for
d) Introduce SOR relaxation factor 2 (used Q2 = 1.7)
e
f
g) for [ = 1,nsor (nsor max iterations of the SOR routine, chosen equal to 30)
(Dfor j =1, N
() sum_row =0
(B) fork=1,7—1

(a) sum_row = sum_row + Pjzy,

) initialize z; =0 for j=0,1,...,N
)

initialize z? = :L‘;-i_l) for j=0,1,.... N

() end for
(0) fork=7+1,N
(a) sum_row = sum_row + Pjyz}
(€) end for
(€)
(1)
(IT) end for
(IIl) 2§ = z; for j=1,...,N
h) end for

sum_row = (w; — sum_row)/P;;

zj = 2 4+ wj(sum_row — 27)

(12) h; = =N\ for j=1,...N
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2.1.5 Si detector application

It is possible to show now some examples with a Si SSD detector using XRF experimental
spectra of different samples collected at the Laboratory of Montecuccolino. For all the
measures, the X-ray source is a Hamamatsu X-ray tube operated at 35 kV and the
detector is a Si SSD XR-100CR from Amptek, used without collimator. The scattering
angle is 90 degrees.

Two different target materials are used: pure lead and tin alloy. The live time for
each measure is 600 seconds and the dead time was estimated using MCPPU giving a
value of 2.5 us considering the rise time discriminator (RTD) active. For each sample,
both a High counting rate (HCR) and a low counting rate (LCR) measure are acquired,
with the RTD and the rejection circuitry both active.

Figures [2.6ta and [2.6}b show the results for the lead sample. In figure [2.6] the peaks
in channels 200-300 correspond to the Pb L-lines. The four peaks in channels 400-600, in
the HCR spectrum, do not correspond to any X-ray line, therefore it can be assumed that
they are due to PPU. Figure 2.6}b shows the comparison with the LCR spectrum and
makes it clear that the PPU effects have been recognized and corrected. From the figure
it is possible to note the presence of numerical artefacts appearing in the region where
PPU is higher. These artefacts are due to the statistical fluctuations combined with
the influence of the detector energy calibration and the MCA discretization in energy,
unfortunately they cannot be avoided because are independent from the calculation.

Analogous considerations can be done for the tin alloy spectrum in figf2.7] In the
HCR measure, it is apparent the presence of photons above the excitation energy of
the X-ray source (channels 700-1024). These peaks are clearly due to PPU. For these
two examples it was necessary to compute only five iterations. Each iteration took few
seconds (on a Windows 7-64 AMD Athlon™ TI X4 640 @3.0 GHz).

2.1.6 Monte Carlo method for pulse pile-up

In the previous section it was showed a deterministic approach to PPU correction which
can be applied to a limited experimental cases. It is possible to generalize this approach
taking into account the real detector pulse shape and all PPU orders following the same
concept schema showed before. However this procedure leads to an extremely hard
mathematical problem without fast solution. In order to avoid these difficulties it is
possible to consider a statistical approach using the Monte Carlo method (MC).

The MC, applied to PPU correction, allows to consider not only the real pulse
shape of the detector, but also all PPU orders without an excessively increase of the
computation difficulty. This approach was investigated in the works [79], [82], [83] and
[84]. Based on the MC algorithm developed in [83] and [84] during this PhD course it
was developed the code McPPU [3] which allows to perform pulse pile-up correction of
spectra adaptable to different detectors.
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Figure 2.6: PPU correction for a sample of pure Lead considering a Si SSD with RTD
active. (a) high counting rate measure (dots) together with the original spectrum (line). (b)
Comparison between the original spectrum (line) and a scaled low counting rate spectrum

(dots).
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Figure 2.7: PPU correction for a sample of Tin alloy considering a Si SSD: (a) high counting
rate measure (dots) together with the original spectrum (line). (b) Comparison between the
original spectrum (line) and a scaled low counting rate spectrum (dots).
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The core of the method can be represented by two sampling process:
1) Sampling the channel of all the recorded pulses in a measured spectrum,
2) Sampling the time gap which separates the production of two different pulses.

It is possible to compute the probability of having two pulses separated by a certain
time gap using the Poisson formula in Eq.. Assuming one pulse fixed at ¢t = 0
and the second one at t = t; + dt; the differential probability of having a time gap of
tl + dtl is:

dP(t) = Py(t,) Py(dty) = Ne M dt; . (2.1.48)

Integrating between 0 and At we find the probability of having two pulses with a time

gap At:
At

P(At) = / Ae Midty =1 — e A (2.1.49)
0

It is possible to sample At using a random number £ uniformly distributed in [0, 1]:

l—e ™M =¢ (2.1.50)
which leads to: lo(1 |
At = — Og(; - _ ng) . (2.1.51)

Using a reference spectrum h, it is possible to sample the channel j of the pulse
(which is directly connected to its heigh) using another random number & with the
same properties of &:

j
i=1

Inverting this equation it is obtained the channel of the pulse as a function of the random
number.

The MC method can be implemented initializing a first pulse at the time t = 0 in
a sampled channel. Then a second pulse channel and the time gap At are sampled. If
At < 7 the two pulses are summed, obtaining a new pulse in a new channel. The process
is continued, keeping in memory the piled-up pulses of the previous step, sampling
another pulse channel and a new time gap At'. If At’ < 7 the pulse will be summed
to the piled-up pulses of the previous step and they will be kept in memory. The
summation is stopped when the time gap is greater then 7. In this case the piled-up
pulses are stored as a single pulse in the resulting channel. After that a new pulse train
is sampled until all the pulses of the measure are considered.

It is evident that the choice of h is of primary importance for the channel sampling.
There are two possible choices for h:

1) A low counting rate spectrum (LCR) [82].
2) The measure itself [83] [84].
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The first strategy implies long low counting rate measurements for obtaining a LCR
spectrum with an acceptable statistics. Moreover long measurements can overheat the
detector changing the operational condition. It is worth nothing that the dead time is
extremely sensible to the operational conditions [76]. The change of these conditions
can greatly modify the referenced dead time making it bigger and increasing PPU effect.
This is one of the most important reason for avoiding this choice.

The second strategy implies the construction of an iterative procedure where the
spectrum used for the channel sampling is, in each iteration, updated starting from the
measure until it reaches the original spectrum, solution of the problem. In what follows
it will be discussed this strategy which is implemented in the code McpPU [3].

2.1.7 The code MCcPPU

The MC strategy described in the previous section was implemented in the post-processing
code McPPU [3] (Monte Carlo Pulse Pile-Up) developed during this PhD course.

The code implements a robust procedure for PPU correction capable to be applied to
any kind of detector-amplifier combination. It is well known that this combination and
the use of PPU suppression circuitry concurs to produce the final pulse shape [76] [80].
Thus, it is difficult that simple analytical shapes may describe properly the real shape
of the pulse. For this reason MCPPU allows the user to insert an external text file with
the digitized measured pulse shape, as collected from the pulse handling circuitry. The
pulse shape needs to be normalized and discretized in a vector in which each component
represents the value at a time step of 1us.

MCPPU is also capable to give an estimation of the dead time using both high and
low counting rate measures.

The McPPU algorithm can be described as follows:

(1) Read the input data: 7, the measure y, the discretized pulse shape in the vector D,
the live time t,,.

(2) Set hY =y, for i=1,2,..,N (where N is the total number of channels in the
measure)

(3) for m = 1, max;t (external iteration cycle)
N
(a) compute the total number of counts Ny = > hl(-m_l)
i=1

(b)compute A = Ny /t,,
(c) compute the Cumulative Distribution Function (CDF):
J
C;=> hgm_l) for j=1,2,...,.N
i=1

(d) sample the channel of a first pulse solving Cj0) = &
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(e) set DZ(O) =D; for i=1,2,..., Nyax (Where N, is the size of the vector D
allowed)

(f) for n =1, N,
(I) sample the energy of a new pulse C; = &

: . _ _ log(§)
(IT)sample the time gap: At = —=£&

(IID)if At < 7 then:
(a)compute [ = int(At * 10°)

0 ifa<l
DY, ifa>1

(8) set DSV = {

(7)compute the pile-up pulse shape piM = j-vplr=H 4 s plm
(§)compute j™ searching the maximum value of D™
(€) Update recovery spectrum R; = R; + 1
(¢) set PPU = .TRUE. (PPU flag)
(IV) else:
(a)if (PPU) update pile-up spectrum Pju-1) = Pjn-1) + 1
(B)if (PPU) update the measure simulation spectrum Sjm-1) = Sjm-1) + 1
(y)update S;=95+1
(6)set 5
(e)set PPU = .FALSE.
(IV)end if
(g) end for (inner cycle)

(h) compute h™ =y — P+ R

: 2 _ 1 (vi—Sy)?
(i) compute x* = & ; =

(j) if x* < toll then exit
(4) end for

From the algorithm it is evident that each iteration increases the total number of
pulses (counts) in the corrected spectrum, since the recovered pulses are always at least
twice the number of pile-up pulses.

The evaluation of the dead time of the counting system is mandatory for having a
good PPU correction. In MCPPU the dead time is evaluated using a HCR spectrum and
a LCR spectrum without the need of additional experimental devices as requested in
[85] and [76]. Firstly, the user inserts the dead time starting value and the dead time
increment, and the number of iterations. Then the pile-up correction is calculated for



66 Chapter 2. Inverse problems in radiation spectrometry

all the dead time values in the selected range with the given dead time increment and
the result of each computation is stored. MCPPU compares automatically the corrected
spectrum resulting from each calculation, with the given LCR measure. The dead time
which gives the spectrum minimizing the chi-square is selected.

'hi)Z, (2.1.53)

N
1 (L; —
2+ i
X_Nziz1 L

1

where in Eq.(2.1.53|) L; is the low rate spectrum. The presented dead time calculation
operates well also in the presence of rejection circuitry for PPU suppression and needs
to be performed only once for given conditions of acquisition.

2.1.8 Si application of MCPPU

In order to test the correctness of MCPPU results it is here replicated the correction of
PPU for a Lead and tin alloy showed in the preivous sections.

The method was tested successfully with Si SSD obtaining the same results obtained
with the deterministic methodology using the digitalized pulse shape of the detector.
The presence in the results of both MCPPU and deterministic strategies of the same
numerical artifacts shows that they are not influenced by the Monte Carlo statistics and
they are due to the statistical fluctuation with the combined influence of the detector
energy calibration and the MCA discretization in energy, and cannot be avoided.

The choice between the two proposed approaches depends on the characteristics of
the detector. It has to be preferred the deterministic approach (when the hypothesis
of the method are compatible with the detector) because it is simpler to be used and
faster.
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Figure 2.8: PPU correction comparison between deterministic method (dots) and MC one
(line) for a sample of: (a) Lead target. (b) Tin alloy target. The detector used is the one

described in sec. 2.1.5
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2.2 Detector Response function

Pulse pile-up correction described in the previous section can not be sufficient for recov-
ering the scattered spectrum (see ﬁg.). The second step to follow is the unfolding
from the detector response function (DRF) which represents an almost complete de-
scription of the detector effects on a measure.

DRF for X- and Gamma-ray detectors can be formalized as a convolution of three
fundamental contributions, each one referred to a different physical process inside the
detector.

1) The energy deposition spectrum, which is the distribution of the amount of energy
absorbed by the detector.

2) The detector resolution function, which represents the smearing effect of the detector
on the measure.

3) The detector efficiency, which gives an estimation of the amount of radiation not
absorbed by the detector for each energy bin.

The energy deposition spectrum depends on the physical properties of the detector
(such as, composition, thickness, geometry, etc.). It represents the result of the radia-
tion transport inside the detector, which can be described by the principal interaction
mechanism between radiation and matter: Compton, Rayleigh and Photoelectric effects.

Inside the detector active media (for example a semiconductor crystal) a photon
has to be completely absorbed in order to produce a pulse of heigh proportional to the
photon energy. When photon absorption is due to Scattering (Rayleigh or Compton)
or photoeffect nearby the boundary surfaces, of the active media, only a part of the
photon energy may be actually absorbed. Photoelectric effect, Compton and Rayleigh
scattering produce a new photon which can escape from the boundary surfaces of the
detector. There are several consequences of these incomplete photon absorption on the
measured spectra. For photoelectric effect the partial absorbed energy is related to the
characteristics lines of the active media, generating the so called escape peaks. For
Compton scattering it is produced a continuous spectrum (Compton escape) below the
excitation energy. This effect is due to the dependence between the energy of the result-
ing pulse and the scattering angle. For Rayleigh scattering there is no energy absorption
(coherent scattering) and the photon is completely lost. However this effect can be taken
into account in the energy deposition spectrum considering a contribution at the zero
energy. The energy deposition spectrum can be computed by using deterministic or MC
codes. In this work they will be computed using MC codes such as PENELOPE [27] and
MCSHAPE [86].

Regarding the energy resolution it depends specifically on the detection mechanism
which is characteristic of the single detector. In a first approximation, the energy reso-
lution can be modelled using a normalized Gaussian distribution having its full width at
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half maximum (FWHM) expressed in terms of specific semi-empirical formulas for semi-
conductors detectors (solid-state detectors), scintillators and gas proportional counters.
However, this approach is not sufficient with some SSD. It is frequent to find that the
peaks show a deviation from the Gaussian shape: a long flat shelf structure from the
peak centroid to the lower energies, and an asymmetry in the Gaussian which can be
described with an exponential decay on the left side of the peak. Some authors [87]
[88] attribute these artifacts to incomplete charge collection (like carrier trapping and
charge escape). Other authors show that the interactions between the metal contact
and the detector material produce a low energy shelf structure, with defined steps [89].
Papp [90] points out the effect of the signal processing electronics on the evolution of the
electronic signal and, from the details of the electron transport processes, proposes an
approximate analytical function to describe the detector response. The line shape can be
modeled with analytical [91] or semi-empirical formulas [88] [87] [92]. Among them, the
so-called HYPERMET [87] function represents a general semi-empirical formula which
was initially proposed for describing the line-shape of a Ge detector. Campbell et al [8§]
tested the HYPERMET function also in the case of Si(Li) detectors with satisfactory
results. Usually, the HYPERMET function is fitted to a given measured spectrum. In
the present work the energy resolution will be computed using the Gaussian model and
an adaptation of the HYPERMET model which are implemented in the graphical tool
RESOLUTION [86] [4].

Finally regarding the detector efficiency, as the energy deposition spectrum, it can
be both empirically measured or computed using deterministic or MC codes.

In what follows it will be discussed both the theoretical model for the DRF and
its computation through the new version of the software RESOLUTION [4] which was
developed during this PhD course by an older version done by the research group of
Prof. J.E. Fernandez [86]. The application of RESOLUTION will be explained with some
examples using commercial solid state detectors.

2.2.1 Theoretical model
In what follows it is assumed a measured spectrum I, corrected from pulse handling

circuit effects. The scattered spectrum I, i.e. original spectrum, can be related to the
measured one through an integral equation [86] [93]:

I,(FE) = /IC(E’,E)I(E’)dE’, (2.2.54)
where IC(E', E) is the DRF. It is possible to rewrite the DRF as:
K(E',E)= R(E',E)¢(E"), (2.2.55)

where R(E', E) represents the contribution of both the energy deposition spectrum
and the energy resolution. The other function ¢(E’) is the detector efficiency. The
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function R(E’, F') is the convolution of the energy deposition spectrum Q(E”, Ey) with
the detector resolution function G(E”, E):

R(E,E) = / Q(E", EG(E", E)dE". (2.2.56)

By replacing Eqn(2.2.56]) in (2.2.54]) and changing the order of integration, it is finally
possible to write:

In(E) = / S(E"G(E", E)dE" ,  S(E") = / Q(E", EN(ENI(E"AE'. (2.2.57)

When I(E’) is monochromatic the function S(E”) depends only on the physical prop-
erties of the detector, such as geometry, composition, density, thickness, etc. and can
be computed by means of deterministic or Monte Carlo codes.

Regarding the energy resolution it depends on the detector type and it does not
present an ideal behaviour. Assuming that the formation of each energy carrier is a
Poisson process and that the total number of carriers is high, the energy resolution
due to the statistical noise can be represented, in a first approximation, by a Gaussian

distribution:
A E// _ E 2
G(E"E) = exp _E - BF
oV 2w 202

FWHM FWHM?

where FWHM is the full width at half maximum and ¢ = FWHM/2.355. E and A
represent the centroid and the peak area, respectively.

A E// . 2
= 0.939———exp (—2.773¥> : (2.2.58)

It is worth nothing that the FWHM, which is a function of the energy, is the most
commonly used parameter for characterizing the energy resolution. It is possible to give
a more applicative definition of the energy resolution as the FWHM of a single energy
peak divided by the peak centroid, it is usually expressed as a percentage.

As reported in [76], there are different sources of fluctuation that result in imperfect
energy resolution (a Dirac delta in the peak centre): a drift of the operational char-
acteristics during the measure, the random noise and the statistical noise. The latter
one depends on the discrete nature of the measurement itself: the energy deposited
inside the detector is revealed by a discrete number of charge carriers which is subject
to random fluctuations. It is also worth noting that the processes inside the detector are
not independent and therefore the Poisson statistics is not valid. As a consequence, the
resolution computed with purely statistical methods is much worse that the observed
one and must be corrected by means of the so-called Fano factor F' [04]. Any other
source of fluctuations combines with the statistical noise. It can be proved that the
overall energy resolution can be represented by a Gaussian function with FWHM given
by [76]:

FWHMoverall = \/FWHMstatistical + FVv}ﬂv{noise + FWHMdrift + ceey (2259)
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where FWHMgi.isticar 18 the contribution due to statistical noise, FWHM, i is the
one due to electronic noise and FWHMg,i¢ the one due to operational drift during the
measure process.

Sometimes, in the particular case of SSD, the line shape can appear skewed with
a long tail going from the peak centroid to the zero energy [87] [88]. In this case the
Gaussian line profile should be corrected with proper models. As reported in [87] [8§]
charge carrier trapping and incomplete charge collection can subtract counts from the
full energy peak by creating an exponential distribution below it:

Hpexp (Zoa_’) 1 <1

T(ig, i) = , (2.2.60)
0 1> 19

where 7 is the channel, iy the full energy line channel, o the exponential slope and Hp
the amplitude of the tail. Charge collection mechanism and electronic noise can also
introduce a flat continuous (plateau) going from the peak centroid to the zero energy
[87) [88]:
Hs 1<
M (i, i) = , (2.2.61)
0 1> g
where Hg is the height of the plateau which contributes to produce the continuous part
of the DRF. The exponential tail T'(ig,7) and the plateau M (ip,7) can be considered as
part of the energy deposition spectrum and must be included in the response function
before applying the energy resolution. The convolution of T'(ig,) and M (ig,i) with
the Gaussian distribution gives the tail and shelf function presented in literature as the

HYPERMET functions [87] [8%] [89] :

S(io, i) = %HS erf <ZO_\/Z§°) (2.2.62)
D(ig, 1) = %HD exp (Z ;io) erf (ig\;; + %ﬂ) (2.2.63)

where o is the standard deviation of the Gaussian distribution. fig. 2.9 shows the effect
of the function D(ig,?) and S(ig,7) on a full energy line.

The parameters Hg, Hp and «, the so-called HYPERMET parameters, are all func-
tion of the energy. Among the several empirical models in literature to express these
parameters, it was chosen to use a modification of the one that was proposed by Camp-
bell et al [8§]:

SF(E) = ag+ aj exp(asFE) (2.2.64)

TF(E) = byexp(biE) 4 by exp(bsE) (2.2.65)

B(E) =co+c1E + B + 3 E? (2.2.66)
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Figure 2.9: Qualitative representation of the different functions that concur to describe a
single peak.

where SF' (shelf fraction) and TF (tail fraction) are expressed as a function of the
channel energy FE; ag, ai, as, by, by, bs, b3, ¢y, ¢1, co and c3 are fitting parameters
determined empirically for each detector. Once these functions have been estimated,

the number of counts can be as follows. Under the full energy peak (at channel i) it
becomes:

H(iy) = H(io) — SFH (i) — TFH (i) (2.2.67)
where H (iy) represents the total number of counts lost in the full energy peak that are
uniformly distributed in ig — 1 channels below (uniform shelf distribution) and T'F H (i)
represents the total number of counts lost in the full energy peak that forms the expo-
nential tail. The counts lost by the full energy peak are distributed at lower energies.
The generic bin below the full energy peak gains counts according to the expression:

H(io) = H(i) — SFH(@'O) B TFH (ip) exp (1)

(2.2.68)

0 — 1 ip—1 i
> exp (3)
i=1
where v = fo/AE, and o is the standard deviation of the Gaussian distribution at the
energy and the channel width. The chosen strategy, which is implemented in the new
version of RESOLUTION, H, and Hp of the HYPERMET functions are obtained from
SF and TF by introducing the two corrective (normalization) factors:

_ SFH(iy)

J2;
SN |

(2.2.69)
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TFH (i)
T g—1

> exp(3)

i=1

(2.2.70)

2.2.2 The tool RESOLUTION

RESOLUTION is a software tool which adds the smearing effect of energy resolution
and incomplete charge collection to simulated x- and gamma-ray spectra comprising
the energy deposition spectrum in the detector. To model the energy resolution, the
code, in a first approximation, redistributes in the energy E the counts collected in the
channel energy E” (referring to Eq.(2.2.58)) using a normalized Gaussian distribution
whose FWHM, for each kind of detector, is given by the following expressions:

1. Gas proportional counters:
FWHM = \/W(F+ p)E (2.2.71)

2. Solid state detectors:

FWHM = \/810g(2) WFE + aE"| + AEY,, (2.2.72)
3. Scintillators:
FWHM = /et dB (2.2.73)

The above formulas are taken from Knoll [76] for gas proportional counters and
scintillators, and from Devanathan et al. [95] and Owens [96] for solid state detectors.
W represents the average energy to produce a ion pair (in keV). Typical values of W
are 2.96 eV for Ge and 3.62 eV for Si [06]. S is the parameter for the Polya distribution;
a, b, ¢ and a are semi-empirical constants and AFE,..the electronic noise. F' is the Fano
factor. Different values for F' can be found in literature: according to Papp et al [97]
F is 0.06 for Ge and Si; Owens et al [08] suggest to adopt values greater than 0.10 for
Si-detectors. However, as pointed out by Owens [06], in Eqn., both F', a and b
can be treated as fitting parameters. The RESOLUTION algorithm can be summarized
as follows:

(1) Read the input parameter and the input spectrum H with the energy of the bins E.
(2)Initialize the output spectrum D to zero in each channel.
(3) If the detector is a SSD then:
(a) For k=1, N (N is the total number of channels of the input spectrum),
(I) If H(k) > 0 then compute:
(a) SF = ag + arexplas E(k)]
(B) If SF' > 0 then:
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(a)Hg = Z3E
(b) Fori=Fk—1,1,—1
(1) H(i) = H(i) + HS
(¢) End for
() else
(a)SF =0
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™ 9
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(k) TF = boexp [b1 E (k)] + beexp [b3 E(k)]
(A) If TF > 0 then compute:
o) 1 = 7
(b) If Hp > 0 then:
(1) Fori=k—1,1,-1
(I) H(i) = H(i) + Hpexp (%)
(2) End for
(c) End if
(1) else
() TF =0
(v) End if.
(€) H(k) = H(k) — SFH(k) — TFH(k).
(IT) End If
(b) End For
(4) End IF
(5) Form=1,N
(a) if the detector is SSD then:
(I) FWHM = \/Slog(2)[WFE(m) + aB"(m)] + AEZ,.
(b) Else if the detector is a scintillator then:
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(I) FWHM = \/a + bE(m

(c) Else if the detector is a Gas proportional counter then:

(1) FWHM = /W (F + B)E(m)

(d) End If
(e) For j=1,N
() D(j) = D)) + H(m) sepmiasmmm P | — 252 diime
(f) End For
(6) End For

The input spectrum of RESOLUTION can be the result of a MC simulation. It is
introduced as an ASCII file which contains, for each channel, a line with two real values
specifying the energy at the center of the bin (in keV) and the corresponding number of
counts of the bin. The total number of bins is arbitrary. The peak shape is specified by
several input parameters, which are introduced by means of a graphical user interface
(fig. 2.10).
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Figure 2.10: Graphical interface of the tool RESOLUTION reporting the parameters for a CdTe
detector.

The parameters are divided into groups. The first one (Set FWHM parameters in
figure 2.10) allows to model the FWHM of the Gaussian shape. Depending on the de-
tector type, formula and parameters change automatically in the interface to resemble
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Eqns.(2.2.71)-(2.2.73). The button PlotFW HM allows the visualization of the com-
puted FWHM as a function of the energy (fig.2.11).
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Figure 2.11: Full width at half maximum (FWHM) computed with RESOLUTION as a function
of the energy for a Ge detector.

For SSD, the groups ”Set shelf fraction” and ”Set tail parameters” (on the right side
in fig. 2.10) contains the parameters to model the departures from the Gaussian shape.
It possible to insert the detectors parameters manually or by means of an external text
file and to save them in a text file.

An error message appears any time the introduced parameters produce negative val-
ues in the output spectrum. At the end of the computation, RESOLUTION automatically
plots the results of the convolution with the possibility to choose the scale from linear
to logarithmic.

2.2.3 Examples of RESOLUTION applications with SSD

As it is apparent from Eqgs.(2.2.64)-(2.2.66) and Eqgs.(2.2.71)-(2.2.73), RESOLUTION re-
quires many parameters to completely describe the detector resolution, providing a very
adaptable model. On the other side, to find the best parameter combination may be
tricky in practical cases. In what follows, a suggested procedure is described.

1. Measure one (or more) well isolated peak(s), taking care that effects like PPU are
kept to a minimum. It is advisable to perform a pulse pile-up correction when
possible before to proceed.
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2. Compute the energy deposition spectrum for the same peak using, for example,
a deterministic or a MC code.

3. Import this energy deposition spectrum into the code RESOLUTION by reading
the corresponding ASCII file.

4. Model the energy resolution using the code RESOLUTION.

A. As first attempt, it is recommended to express the line shape using only
the Gaussian function, with standard parameters for the considered detector
type. Set to zero all the other groups.

B. Compare the results of RESOLUTION with the measurement, and change
the Gaussian parameters until the agreement is good. For some detectors, no
further improvement is required.

C. If the Gaussian function fails to describe properly the detector line shape,
then start including the shelf and the tail distribution, in separate steps.

i. If the continuum of the energy deposition spectrum differs significantly
from the one in the measurement, add the shelf distribution. First, set a
proper value of ag while leaving the other parameters equal to zero. The
parameters a; and as represents a refinement and can be adjusted in a
second moment, if necessary.

ii. The comparison between the Gaussian function and the measurement
is helpful to understand the entity of the asymmetry of the full energy
peak. If the measured peak is skewed on the lower energy, add the tail
parameters. First, set all the tail fraction parameters equal to zero except
for by and ¢y. By means of an iterative comparison with the measurement,
adjust by and ¢g. The other parameters can be added after a first raw
representation of the exponential tail is completed, to improve the
agreement with the experimental data. As it is apparent from Eq.,
both T'F and S concur to model the tail fraction, and therefore cannot be
set separately.

Fig.2.12-A shows the Monte Carlo simulation of the energy deposition in a Ge detec-
tor for a monochromatic source of photons of 34.4 keV. The simulation was performed
using the code PENELOPE [27] by considering a cylindrical germanium crystal surrounded
by a layer of aluminum and protected by a Be window. Figure 2.12-B shows the ap-
plication of RESOLUTION by considering the modified Gaussian distribution with the
complete model, including shelf and tail description.

Another example of RESOLUTION application can be introduced by considering a
CdTe SSD. A known problem in CdTe detectors is the presence of a significant hole
tailing in their response above 50 keV [99]. As an example, the response of the Amptek
CdTe detector is computed with the code MCSHAPE. The source is Co-57, emitting at
14.41300 keV (9.16%), 122.0614 keV (85.60%) and 136.4743 keV (10.68%). The result of
the MC simulation (without the effect of energy resolution and charge collection) is then
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Figure 2.12: (A) Result of the Monte Carlo simulation of a Ge detector response function
for a monochromatic source of photons of 34.4 keV and (B) detector response function after
the application of the code RESOLUTION. In this case, the departure from the Gaussian model
is negligible.
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used as input by the tool RESOLUTION. Fig.2.13-A shows the comparison between the
measure and the result of RESOLUTION applying a Gaussian model for the main peak of
Co-57. It is apparent the poor capability to describe the peak shape without a correction
for the low energy tail of the peak. Fig.2.13-B shows the result of RESOLUTION after
applying the complete model, including shelf and tail description. It is worth noting
that the agreement with the measure is good also for the peak at 136 keV (see fig.2.14).
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Figure 2.13: Main peak of Co-57 at 122.06 keV, collected with an AMPTEK CdTe detector
(dots), compared with the energy resolution computed by RESOLUTION with (A) only the
normalized Gaussian function and (B) the complete model including hole tailing.
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Figure 2.14: Co-57 spectrum collected with an AMPTEK CdTe detector (dots). The output
of RESOLUTION describes correctly the shape of the two peaks located at 122.06 and 136.47
keV.

2.3 Detector unfolding

Once the detector response function (DRF) is computed it can be used for recovering
the scattered spectrum (see ﬁg which is the final result of the complete unfolding
procedure (including the pulse pile-up correction). In the DRF theoretical model it was
introduced (Eq.(2.2.54)) the fundamental relation between the measured spectrum and
the scattered one. In order to give a brief introduction on the mathematical difficulties
concerning detector unfolding here Eq.is reported as:

() + en(E) = / K(E', B)f(E')dE, (2.3.74)

Emin

where the measure is split in its true value I,, and the associated absolute error €,,. E,.in
and F,,.,; are the chosen minimum and maximum energies of the scattered spectrum
with a non negligible contribution of counts.

Considering the Hadamard conditions, exposed at the beginning of this chapter,
existence and uniqueness of the solution of Eq. depends almost exclusively on
the mathematical typology of the kernel. Stability instead depends on the structure
itself of this equation. It can be showed that stability condition is always not satisfied

by Eq.(2-3.74).
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Following what was done for the pulse pile-up balance equation, it can be considered
a solution of the type:

f(E)=xz(FE)+ Bsin(npE) n=1,2,.. (2.3.75)

where z(FE) is an un-perturbed solution of the integral equation and 5sin(nfE) a per-

turbation. Inserting Eq.(2.3.75) in Eq.(2.3.74]):
E"YL(Z(L' E"ILU/"L'

I,(E)+ en(E) = / K(E',E)x(E)dE + 3 / K(E',E)sin(nSE)dE'. (2.3.76)

Emin Emzn
For the Riemann-Lebesgue theorem [81]:

Emll:l:
K(E', E)sin(nBEYdE" — 0 for n — oo, (2.3.77)

Emin

which means that for n big enough the perturbation on the solution gives irrelevant
change on the measured spectrum.

The reason for this instability is in the smoothing property of the integral. Smoothing
process (which is the direct problem related to this unfolding one) is always well-posed
giving as a consequence an ill-posed inverse problem.

Several methods have been developed for avoiding the discussed ill-posed behaviour
in order to solve the inverse problem (see [100]; [101]). Most of these methods recur
to purely mathematical criteria and may lead to an non physical solution, i.e. negative
values in the resulting spectrum. In particular, fast Fourier transforms algorithms have
been used in the past to improve the detector resolution [102]; [I03]. These methods
present some additional drawbacks: they create false peaks that can be confused with
the real ones and need to be applied to limited energy regions around the peaks and not
to the entire spectrum.

Another important category of methods for solving an ill-posed problem are the so
called Regularization techniques which introduce additional information as constraints
for avoiding the ill-position. Among the different regularization techniques developed,
in order to perform the unfolding from the DRF function, the method of the maximum
entropy [104] is chosen for its fundamental property of preserving the positive-defined
character of the spectrum. The maximum entropy method has been implemented in the
code MAXED [105] which solves the inverse problem by optimizing the entropy functional,
taking advantage of the known a priori information on the original spectrum. MAXED
represents the state-of-the-art for unfolding of neutron spectra. GRAVEL [104] is another
useful unfolding algorithm which preserves positive values in the spectra. Both codes,
MAXED and GRAVEL, are contained in the UMG (Unfolding with MAXED and GRAVEL)
package version 3.3, released in March 2003, developed at the Physikalisch Technische
Bundesanstalt (PTB) and distributed by NEA Data Bank [106].
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The code UMESTRAT [107] developed recently at the University of Bologna, exploits
the maximum entropy approach in X-ray spectrometry applications, for the unfolding
of X- and gamma-ray spectra. UMESTRAT provides a semi-automatic unfolding strat-
egy based on a suitable combination of MAXED and GRAVEL. The original algorithm
presented in [107] leads to solutions which can be considered qualitative but not quan-
titative. In what follows it will be discussed the principal features of the new version
of UMESTRAT [5] which allows to obtain quantitative results. This is possible by intro-
ducing the additional constraint of the total number of photons of the spectrum which
can be determined by inverting the diagonal efficiency matrix. The features of the up-
graded code are discussed with some examples which illustrate the important software
improvement of the detector resolution as a consequence of the unfolding.

2.3.1 MAXED algoritm

Consider the discretization of Eq.([2.3.74):

Io+e =Y Rufi k=12..m (2.3.78)

i=1

where n and m are the number of energy bins; k£ and ¢ are channel indices, R is the
DRF and ¢ represents the (unknown) errors, which require estimation.

The chi-square per degree of freedom x? can be introduced as follows:

XZ—lii (2.3.79)

Eq.(2.3.79) assumes that the errors are normally distributed with zero mean and vari-
2
ances oy.

As reported in [105], from the set of possible solutions, the one that maximizes the
information entropy S is selected:

S=-Y [fi log (%) + flel fi] . (2.3.80)

=1 7

In Eq.(2.3.80) fidef denotes the so-called default spectrum, which contains all the a-
priori information on the original spectrum. In other words, the solution represents the

maximum of S (Eq.(2.3.80)), with the constraints given by Eqs.(2.3.78) and (2.3.79)).

As shown in [105], starting from Eqs (2.3.78)-(2.3.80), and defining a set of m La-
grange multipliers A\, the problem can be reformulated in terms of the maximization of
the potential function Z :

Z = — i fidef exp <_ i )\ksz) — [X2 i (/\kak)Ql ) — i /\ka (2381)
=1 k=1 = k=1

k=1




2.3. Detector unfolding 83

In MAXED the values of A\, which maximize Z are obtained by means of a simulated
annealing algorithm. These values are then introduced in the following expression:

fi = f1 exp <— Z AkRm) ; (2.3.82)
k=1

to find the unfolded spectrum f (free of detector influences).

It is worth noting that the x? constraint introduces a dependence of the total num-
ber of counts in the unfolded spectrum with the chosen value of the chi-square. This
can be illustrated by considering a single energy channel detector with DRF R. From

Eqgs.(2.3.78) and ([2.3.79) it is possible to find the original spectrum as:

I o\x?
f= R+ R (2.3.83)
In general, after the unfolding, the total number of counts in the original spectrum
depends on the chi-square. In MAXED, this parameter is arbitrarily introduced as an
input by the user, considering not only the physics but also the numerical characteristics
of the problem, ensuring the convergence of the algorithm. It is worth noting that
incorrect values of x? lead to meaningless results (or no results at all). The variability
of the unfolded spectrum with the selected x?, makes the result only qualitative. In order
to obtain a quantitative result it is necessary to introduce the additional constraint of
the total number of counts in the unfolded spectrum, as illustrated in the following
section.

2.3.2 UMESTRAT

UMESTRAT [107] is a graphical tool developed at the University of Bologna to obtain
the unfolding solution applying a combination of the codes MAXED [105] and GRAVEL
[104]: MAXED is used to compute the unfolding, whereas GRAVEL is used to find suitable
parameters to ensure the convergence of MAXED. Given the measurement and the DRF,
UMESTRAT computes and plots the unfolded spectrum, as a function of the energy.
The main features of the code are illustrated in [I07]. In this work it is presented an
improvement of UMESTRAT [5] including a strategy to recover the quantitative meaning
of the unfolded spectrum. As shown in the previous section, the total number of counts
of the unfolded spectrum depends on the value of the y? which, in the UMESTRAT
strategy, can be obtained by running GRAVEL first or can be set arbitrarily by the user.
In order to obtain a solution which is independent of the selected x?, it is necessary to
link the unfolded spectrum to the measurement by introducing a common magnitude
not considered yet in the algorithm. A good candidate is the total number of counts
which can be estimated with good precision by taking advantage of the detector physics
as shown below.
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Consider the discretization of the DRF (Egs.(2.2.55) and (2.2.56])) and also given
[86]:

Ruoy (z ijaj,,) b S Nt 2581)
r=1 j=1 r=1

where j, r, and k are channel indices and n is the total number of channels. The detector
response matrix can be split in the product of a normalized part N (given by the product
of the energy deposition spectrum ) and the energy resolution GG) and efficiency ¢. The
efficiency is a diagonal matrix expressed as:

¢ri T =1
Ori = : (2.3.85)
0 r#1
Introducing Eq.(2.3.84) in Eq.(2.3.78) gives:
It e =YY Nudufi k=1,...m (2.3.86)

i=1 r=1

By inverting the sum order it is possible to obtain:
Liter=Y Nud onifi k=1,..m (2.3.87)
r=1 i=1

To maintain the quantitative meaning in the solution, it is necessary to introduce
the additional constraint given by the total number of counts of the unfolded spectrum.
For this purpose, the new strategy implemented in UMESTRAT [4] splits the solution of
the linear system in Eq.(2.3.87)) (i.e. the unfolding of the measurement) in three steps.

In the first step, UMESTRAT unfolds the measured spectrum considering only the
normalized part of the DRF, finding the solution y of the linear system:

I+ e =Y Nigyr with k=1,...,m (2.3.88)
r=1
From the physical point of view the unfolded spectrum y in Eq must have the
same number of counts of the measured spectrum because the normalized matrix N
produces only a smearing effect on the original spectrum. The difference in the total
number of counts between the measured and the original spectrum is a consequence of
the efficiency.

In the second step, the constraint on the total number of counts is introduced. The
n
spectrum ¥ is normalized by using the total number of counts of the measurement »_ I,

=1
thus finding the spectrum y"°":

> 1
yrom = Sy, (2.3.89)
; Yi
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In the third and last step, the original spectrum f; is computed by solving:
Y =" ifi = e T =1, (2.3.90)
i=1

It is worth noting that this new UMESTRAT strategy, comprising the constraint in
the total number of counts of the original spectrum, requires as separated input the
efficiency and the normalized detector response matrix. An additional advantage of this
strategy is that it avoids the modification of the MAXED algorithm.

2.3.3 Energy resolution improvement in radiation measure-
ments

The unfolded spectrum obtained with UMESTRAT can now be considered quantitative.
The old version of UMESTRAT was firstly tested on X-ray fluorescence (XRF) spectra
measured with a XR-100CR Amptek Si detector, using a bin width of 50 eV. As shown
in [I07], by using UMESTRAT it was possible to resolve the Zn Ka and Cu K/j peaks
which were overlapped in the brass measurement. The spectrum after unfolding showed
a FWHM of about 200 eV for the Cu Kf peak, which was half of the measured one

giving the detector resolution for that energy.

In this work, the capabilities of the new version of UMESTRAT are explored with
SSD other than Si. The first example shows the unfolding of XRF spectra revealed
using a XR-100T Amptek CdTe detector and collected with a MCA-8000A multichannel
analyzer, with 1024 bins of 100 eV of bin width. The source is a Tungsten X-ray tube,
with a glass window, operating at 50 kV. The DRF matrix is estimated using the MC
code MCSHAPE [86] and the post processing tool RESOLUTION [4] (described in the
previous section 2.2.2), which adds the effects of incomplete charge collection and the
energy resolution of the detector. For the energies in the range 6-50 keV, the CdTe
detector has an almost ideal efficiency and charge trapping effects are limited. Fig.2.15
shows the XRF lines of a brass target. It is apparent that after unfolding with the new
version of UMESTRAT the peaks appear better resolved: due to the choice of the bin
width, the Zn-Ka and the Cu-Kf peaks cannot be separated anymore. The FWHM
is now less than 300 eV which is 30% less of 400 eV, the detector resolution for that
energy.

Fig.2.16 shows the unfolding of the L Pb lines of a Pb target, under the same
experimental conditions. For the Pb L. a peak, the FWHM goes from 430 eV in the
measurement to 244 eV after the unfolding with UMESTRAT. In the unfolded spectrum
some minor Pb L lines are visible, in particular Pb Ls (9.9688 keV) and Pb Ln (11.349
keV). A second example shows the unfolding of a direct measurement of a X-ray tungsten
tube operating at 110 keV, collected with a ORTECH PGE detector(Fig.2.17). The
DRF is computed with the MC code PENELOPE [27] considering a complete 3D model
of the detector. The computed energy deposition spectra are post processed with the
tool RESOLUTION [4], adding the energy resolution and the charge trapping effects. It
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is worth noting that in this case the effects of incomplete charge collection are high,
increasing the ill-conditioning of the problem. Nevertheless, UMESTRAT may find the
unfolding solution. It is apparent that the lower energy part of the measured spectrum
(below 20 keV) represents a detector artefact due to the DRF (escape plus resolution
shelf). In this example the energy discretization of the measure(with a bin width of
200eV) allows only a coarse description of the peaks. The improvement of the FWHM
is apparent: for W Ka the FWHM goes from 470 eV in the measurement to 306 eV in
the unfolded spectrum.

55000 4
] Cu Ka —=— measured spectrum

UMESTRAT result

Zn Ko +Cu Kp

Energy (keV)

Figure 2.15: Unfolding of a brass spectrum collected with a XR-100T Amptek CdTe detector
and a bin width of 100eV. The resolution is improved by 30% and the Zn-Kj peak is better
resolved. The Zn-Ka and the Cu-Kf peaks cannot be separated as for the Si detector.
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Figure 2.16: Unfolding of a Pb spectrum collected with a XR-100T Amptek CdTe detector.
It is apparent that the resolution is improved: for the Pb-La peak, the FWHM goes from 430

eV in the measurement to 244 eV after the unfolding with UMESTRAT
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Figure 2.17: Unfolding of a direct measurement of a W X-ray tube spectrum, operating at 110
keV. The lower part of the measured spectrum (below 20 keV)is not physical but represents
a detector artefact due to the continuous part of the detector response function(Compton
continuum and shelf).It is removed in the unfolded spectrum. (b)The peak region shows the
improvement in resolution: the FWHM goes from 470 eV in the measurement to 306 eV in
the unfolded spectrum.
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Quantitative information on the photoeffect is required for practical applications
(e.g., x-ray fluorescence, x-ray photoelectron spectroscopy), as well as for Monte Carlo
simulation of photon transport. Numerical tables of subshell cross sections (for ioniza-
tion and for excitation to bound levels) and atomic cross sections are included in the
Evaluated Photon Data Library (EPDL) [14]. There is also the XCOM program [15]
which gives atomic cross sections for photoionization essentially equivalent to those in the
EPDL. Both the EPDL and XCOM databases are based on calculations performed by
Scofield [7] using the independent-electron model with the self-consistent Dirac-Hartree-
Fock-Slater (DHFS) potential. They are considered to be the most reliable source of
general information available to date; indeed, practically all modern Monte Carlo codes
for photon transport utilize the EPDL. However Scofield’s Calculations were performed
without the modern computational possibility using sometimes a too wide energy grid.

Regarding the angular distribution of photoelectrons is needed in x-ray photoelec-
tron spectroscopy, using either x rays or synchrotron radiation [23| 24, 25], as well as
in radiation transport calculations [26], 27]. However information on the angular dis-
tribution of photoelectrons, consistent with the subshell cross sections, is quite limited,
or unavailable (see, e.g., Ref. [28] and references therein). As a matter of fact, most
Monte Carlo photon transport codes still rely on the Sauter formula [29], which gives
the differential cross section for the ground state of hydrogenic ions obtained from the
plane-wave Born approximation.

In this thesis it was presented a detailed formulation of the theory of the photoeffect,
within the one-active-electron approximation, in a form that is suitable for implemen-
tation in a computer program, complemented with extrapolation schemes to cover the
full energy range of interest.

Because of the robustness of the numerical methods (exact vector-coupling coeffi-
cients, highly accurate and densely tabulated radial functions), the program PHOTACS
provides reliable results for any atomic (or ionic) target and for any photon energy below
the practical cut-offs. It allows generating cross section tables of subshell cross sections
for the elements with unprecedented detail, including excitation to bound levels and
angular distributions of photoelectrons for arbitrary photon polarizations. Although in
the present calculations it is adopted the DHFS self-consistent potential, the program
can also work with other screened potential models, e.g., to study the influence of the
electron vacancy left after photoabsorption.
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The post-processing program PHOTACS-PP uses elaborate extrapolation models to
determine subshell cross sections for highly-excited discrete levels and for photons with
energies above the calculation cut-offs. It can also account for the effect of the finite
width of atomic levels, which yields the cross section as a continuous function of the
photon energy.

These programs have been used to generate a complete database of photoionization
cross sections for the inner subshells (up to the N7 subshell) of the ground state config-
urations of the elements Z =1 to 99, for photon energies from the ionization threshold
up to 1 GeV. The provided cross-section tables were built from the numerical cross
sections calculated by PHOTACS (with the DHFS potential), which were extrapolated to
energies higher than the calculation cut-off by means of Pratt’s extrapolation formula,
shifted in energy to have the absorption edges coinciding with the experimental subshell
ionization energies given by Carlson [66], and renormalized using MCDF /DHFS density
ratios. This database has already been adopted in the Monte Carlo code PENELOPE
[27].

In order to correct measured spectra from PPU effect a nonlinear integral balance
equation is derived from first principles considering the measured spectra in a continuous
energy range (before the action of the MCA). The presented model takes into account
only second order PPU and can be applied on both paralyzable and non paralyzable
detectors assuming a rectangular pulse shape. The obtained balance equation is solved
with an iterative formula whose convergence is demonstrated by analyzing the solution
of the balance equation in the Laplace transform domain. The iterative calculation is
then adapted to be applied to a discretized energy interval and then solved by using
the SOR method. This deterministic correction of the PPU effect requires a minimum
amount of information (live time, dead time and the experimental measure to correct).

In order to solve more general pulse pile-up problem also a Monte Carlo strategy
was implemented with the code MCPPU. MCPPU is a computational tool which performs
post- processing pile-up correction on spectra obtained with different detectors. It takes
into account every order of PPU, peak or tail. MCPPU corrects pile-up distortions for
spectra collected with or without electronic reduction circuitry. The resulting spectrum
after the correction recovers the proper number of counts recorded at the correct energy
channels. MCPPU implements an iterative Monte Carlo algorithm based in the one
introduced by Guo et al. [83] [84] to compute automatically the PPU correction.

It uses a digitized pulse shape matching the measured pulse. The digitized pulse
shape is easily introduced by means of an external text file. This unique feature makes
the tool suitable to be used with any detectoramplifier combination. To make possible
the comparison with previous works, MCPPU allows also the selection of the pulse shape
from a library of rectangular and semi-Gaussian shapes described in literature [76] [80].
MCPPU contains also an automatic procedure to evaluate the dead time to use in the
pile-up recovery which needs only a high counting rate and a low counting rate mea-
surement of the same spectrum. Once determined, the same dead time can be used for
all the measurements performed with the same acquisition conditions. The comparison
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of corrected high counting rate spectra with experimental low counting rate spectra,
demonstrates that MCPPU can efficiently remove pile-up distortions.

The method was tested successfully with Si SSD obtaining the same results obtained
with the deterministic strategy. The presence in the results of both MCPPU and deter-
ministic strategies of the same numerical artifacts shows that they are not influenced by
the Monte Carlo statistics and they are due to the statistical fluctuation with the com-
bined influence of the detector energy calibration and the MCA discretization in energy,
and cannot be avoided. The proposed deterministic approach is then to be preferred to
the most elaborated method (at least for Si SSD) because it is simpler to be used and
faster. The convergent solution of the deterministic balance equation is obtained after
only five iterations with a total computational time of few seconds.

Regarding the detector response function it was developed a new tool for inserting
the effects of the energy resolution and incomplete charge collection in the computed
response function. Energy resolution is a characteristic of the DRF that depends on
different aspects (statistical spread in the number of charge carriers, charge collection
phenomena, electronic noise, etc.) and changes with operating conditions, counts rates,
and pulse shape. For these reasons, it is not, or is only partially, considered in Monte
Carlo or deterministic models of the detector response. However, its effect plays an
important role in X-ray spectrometry, in both qualitative and quantitative analyses of
X-ray spectra. The tool RESOLUTION developed to simply and fast add the effect of
the energy resolution to the DRF computed with deterministic or Monte Carlo codes
has been potentiated with an adaptation of the general HYPERMET function [87]. In
the adopted procedure, the Gaussian distribution, the exponential tail, and the shelf
are kept separated and are added in successive steps: the full energy peak is firstly
modified by the exponential tail and the shelf distribution and then convoluted with the
Gaussian spread. The expression of the FWHM is implemented by using the models
found in literature [76] [93] for the three detector types: SSD, scintillators, and gas
proportional counters. For SSD, the effects due to the charge collection mechanism are
introduced by using the models presented by Phillips et al.[87] and Campbell et al. [8§].
The presence of a hole tailing is particularly evident for CdTe operating above 50 keV.
RESOLUTION proved to be able to describe this effect in the case of the main peaks of
Co-57.

Regarding the detector unfolding the new version of UMESTRAT applies a new strat-
egy to optimally solve the inverse problem in a semi-automatic mode by using the
maximum entropy principle through a combination of the codes GRAVEL [104] and
MAXED [105]. This work presented an improvement of the code UMESTRAT with the
introduction of the constraint on the integral of the original spectrum which allows find-
ing quantitative results. Now UMESTRAT can be used as a post processing correction of
revealed spectra, to improve the detector resolution, with, as a consequence, the capa-
bility to resolve overlapped peaks in the measurement. UMESTRAT has been tested with
different solid state detectors. For a Si detector, for the CuKa peak, the spectrum after
the unfolding has FWHM of about 200 eV, which is half of the original resolution due
to the detector. For the CdTe detector,for the PbLa peak, the FWHM goes from 430
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eV in the measurement to 244 eV after the application of UMESTRAT. In the unfolding
of a direct measurement of a X-ray tube collected with a HPGe detector, the energy
discretization of the measure(bin width of 200 eV)allows only a coarse description of
the peaks.In this example, the unfolding removes the lower energy side of the collected
spectrum, which is due to the detector response function and the Tungsten Koo FWHM
goes from 470 eV in the measurement to 306 eV in the unfolded spectrum. All the ex-
amples prove that UMESTRAT can handle a dense detector response matrix, containing
the complex effects of charge collection, demonstrating the capability of the algorithm
to successfully solve heavy ill conditioned problems.
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Developed codes:

1. PHOTACS: code written in FORTRANTY7 for the calculation of photoeffect subshell
cross sections for arbitrary atomic potentials.

2. MCPPU: a Monte Carlo code written in Fortran90 (comprising graphical interface
built with Winteracter), for correcting radiation measures from the pulse pile-up effect.

3. RESOLUTION: graphical tool written in Fortran90 (comprising graphical interface
built with Winteracter) for introducing energy resolution and incomplete charge collec-
tion effects in the detector response function.

4. UMESTRAT: code written in Fortran90 (comprising graphical interface built with
Winteracter) for the unfolding of radiation measures from the detector response function.

Participation to conferences:

1. IRRMA9 (9th International Topical Meeting on Industrial Radiation and Radioiso-
tope Measurement Applications) in Valencia from 6 to 11 July 2014.

2. Member of the Local Organizing Committee of the EXRS-2014 (European Conference
on X-Ray Spectrometry) in Bologna from 15 to 20 June 2014.

Participation to applications compatible with the doctorate:

1. Part-time work at NIER Ingegneria for verification and validation of mechanical
systems from October to December 2015.

2. Winner of the Marco Polo grant used for developing research activity at the depart-
ment of physics of the University of Barcelona under the supervision of Prof. Francesc
Salvat from 6 October 2014 to 1 March 2015.
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1. Numerical modelling with COMSOL Multiphysics (University of Bologna, Prof. Ste-
fano Lazzari, 8 hours course).

2. Kinetic equations and statistical foundations of transport theory (University of Bologna,
Prof. Domiziano Mostacci, 8 hours course).
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3. Numerical techniques for solving the neutron transport equation (University of Bologna,
Prof. Marco Sumini, 8 hours course).

4. Elements of Microfluidics (University of Bologna, Prof. Gian Luca Morini, 8 hours
course).

5. Inverse problems in heat conduction (University of Bologna, Prof. Marco Lorenzini,
8 hours course).

6. Availability functions and thermodynamic efficiency (University of Bologna, Prof.
Enzo Zanchini, 8 hours course).

7. Testing the stability of a fluid system (University of Bologna, Prof. Leonardo Santos
de Brito Alves, 8 hours course).

8. Use of a symbolical mathematical code for convection-diffusion problems (University
of Bologna, Prof. Leandro Alcoforado Sphaier, 8 hours course).

9. Control and Optimization methods (University of Bologna, Prof. Sandro Manservisi,
8 hours course).

10. X-ray physics and synchrotron radiation (University of Bologna, Prof. Federico
Boscherini, 60 hours course).

11. Electronic measures and laboratory T-1 (University of Bologna, Prof. Pier Andrea
Traverso, 90 hours course).

12. Fortran90 introduction(CINECA, BOLOGNA, Dot. Elda Rossi, 24 hours course).

13. Radiobiology of charged particles and radiotherapy implications (University of Bologna,
Prof. Roberto Cherubini, 1 day course).

14. Liquid scintillators (University of Bologna, Prof. Ulrich Scherer, 1 day course).

15. Nuclear fuel management (University of Bologna, Prof. Jean Pierre Leveque, 1 day
course).

Workshop:

1. Workshop on Accelerated High-Performance Computing in Computational Sciences
(ICTP, International centre for theoretical physics, Trieste from 25/05/2015 to 05/06,/2015)

Publications:

1. L. Sabbatucci, J.E. Fernandez: First principles Pulse Pile-Up balance equation and
fast deterministic solution, submitted to Radiat. Phys. Chem. (2016)

2. L. Sabbatucci, F. Salvat: Theory and calculation of the atomic photoeffect Radiat.
Phys. Chem. 121 (2016) 122-140

3. J. E. Fernndez, V. Scot, E. Di Giulio, L. Sabbatucci: Improvement of the detector
resolution in X-ray spectrometry by using the maximum entropy method. Radiat. Phys.
Chem. 116 (2015) 194-198.

4. J. E. Fernndez, V. Scot, L. Sabbatucci: A modeling tool for detector resolution and
incomplete charge collection, X-ray Spectrom. 44 (2015)177-182.
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5. L. Sabbatucci, V. Scot, J. E. Fernandez: Multi-shape pulse pile-up correction: the
MCPPU code. Radiat. Phys. Chem. 104 (2014) 372375.

Presentations :

1. Improvement of the detector resolution in X-ray spectrometry by using the maximum
entropy method: presented at IRRMA9 (9th International Topical Meeting on Industrial
Radiation and Radioisotope Measurement Applications) in Valencia from 6 to 11 July
2014

2. Multi-shape pulse pile-up correction: the MCPPU code: presented by prof. J.E.
Fernandez at ICDA-1 (1st International Conference on Dosimetry and its Applications)
in Prague from 23 to 28 June 2013

Posters :

1 : A Modelling tool for detector resolution and incomplete charge collection: Poster
presented at the EXRS-2014 (European Conference on X-Ray Spectrometry) in Bologna
from 15 to 20 June 2014.

2 : First principles Pulse Pile-Up balance equation and fast deterministic solution:
Poster presented by Prof. J.E. Fernandez at the ISRP-13 (13th International Sym-
posium on Radiation Physics) in Pechino from 7 to 12 September 2015.
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