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A transition-edge sensor array has been applied to particle-induced X-ray emis-
sion. We have characterized the detector for quantitative analysis and obtained
minimum detection limit over two orders of magnitude better compared to a sil-
icon drift detector. We have also studied chemical effects in analysis of Ti, TiO2

and TiN using proton and heavy ion beams. A chemical shift for TiO2 was ob-
served in proton measurements, and relative multiple ionization X-ray satellite
line intensities changed between metallic Ti and other compounds with heavy
ions. Detection of low energy X-rays down to 0.5 keV was achieved by installing
a polycapillary lens in front of the transition-edge sensor array in external beam
measurement setup. We developed a software for TES data analysis, including
features such as graphical user interface, automated energy calibration, fitting of
high-resolution spectra, and quantitative elemental analysis.

Keywords: Particle-induced X-ray emission, Transition-Edge sensor, High energy
resolution, Chemical speciation
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TIIVISTELMÄ (ABSTRACT IN FINNISH)

Transitioreunailmaisin (TES-ilmaisin) asennettiin hiukkasherätteisellä röntgen-
emis-siolla tehtäviä mittauksia varten. Olemme karakterisoineet ilmaisimen te-
hokkuuden kvantitatiivisia mittauksia varten ja saavuttaneet jopa kaksi kerta-
luokkaa paremman havaintoherkkyyden verrattuna pii-drift-ilmaisimeen (silicon
drift detector). Tutkimme eri titaaniyhdisteiden, Ti, TiN ja TiO2, vaikutusta rönt-
genspektriin käyttäen sekä protoni- että raskasionisuihkuja. Protonimittauksis-
sa havaittiin kemiallinen energiasiirtymä TiO2 yhdisteellä verrattuna metalliseen
titaaniin, ja raskasionisuihkumittauksissa havaittiin eroavaisuuksia röntgenspet-
krin hienorakenteessa (satelliittipiikeissä) metallisen titaanin ja muiden näyttei-
den välillä. Matalaenergisten röntgeneiden havaitseminen 0.5 keViin asti saavu-
tettiin asentamalla polykapillaarilinssi transitioreunailmaisimen eteen ulkoises-
sa mittausasetelmassa. Kehitin ohjelmiston TES-datan analyysiä varten, mihin
sisältyy graafinen käyttöliittymä, automaattinen energiakalibraatio, korkeareso-
luutioisten piikkien sovitus ja kvantitatiivinen alkuaineanalyysi.
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ADR Adiabatic demagnetization refrigerator
BPM Beam profile meter
DFT Density functional theory
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PIXE Particle-induced X-ray emission
RBS Rutherford backscattering spectrometry
SEB Secondary electron bremsstrahlung
SEM Scanning electron microscope
SDD Silicon drift detector
SQUID Superconducting QUantum Interference Device
TES Transition-edge sensor
WDX Wavelength-dispersive X-ray detector
XANES X-ray absorption near edge structure
XPS X-ray photoelectron spectroscopy
XRF X-ray fluorescence
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1 INTRODUCTION

The foundation for all X-ray methods began with the discovery of X-rays by W.
Röntgen [2]. The importance of the finding was shortly acknowledged, and W.
Röntgen was awarded with the very first Nobel prize in physics [3]. In total 15
Nobel prizes have been awarded for discoveries related to X-rays (7 in physics,
6 in chemistry and 2 in medicine), indicating the high importance of the field of
X-ray physics [3]. The applications of X-rays are so numerous that it would be
impossible to list them all.

In this thesis, characteristic X-rays of atoms are the subject of interest, more specif-
ically characteristic X-rays induced via an ion beam, a technique known as partic-
le-induced X-ray emission, PIXE. In 1906 characteristic X-rays were discovered by
Barkla [4] (awarded with Nobel prize for the discovery in 1917). Characteristic
X-rays are unique for each atom and can be thought of as a "fingerprint" of an
atom. In 1922, Hadding was able to measure multiple elements for the first time
by exciting atoms using an electron beam [5]. A big breakthrough for PIXE took
place in 1970 when Johansson et al. [6] demonstrated the ability to distinguish
neighboring elements using a lithium doped silicon, Si(Li), detector and a 2 MeV
proton beam. Since then PIXE has been widely used over the world in wide range
of fields including art and archaeology [7], biology [8], geology [9], air pollution
[10] study et cetera [11].

High-resolution PIXE, referring to the detection of X-rays with energy resolution
much better than 100 eV, is a less explored field of PIXE because of the limited
availability of high-energy-resolution detectors. The higher energy-resolution re-
veals hidden details not visible in regular PIXE. In the simplest case, the hidden
detail can be an unidentified element with characteristic X-rays too close to more
intense X-ray peaks. In a more complex case, the high-resolution PIXE can pro-
vide a way to probe subtle changes between the same element in different chem-
ical environments.
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FIGURE 1 An image of the transition-edge sensor array at the University of Jyväskylä.
Size of the whole detector complex is circa 5 cm x 5 cm. Image printed with
permission from Mikko Palosaari.

One clear drawback of the high-resolution PIXE has been the lack of energy-
dispersive detection. The energy-dispersive detector can be compared to a hu-
man eye. The human eye can simultaneously see all the colors of visible light,
or sense different energies of photons to be more specific. The energy-dispersive
detector does the same and can detect a wide range of the energy spectrum si-
multaneously. On the other hand, a wavelength-dispersive detector works dif-
ferently, and it can only detect a very small portion of the energy spectrum at a
time and works on a narrow energy region. Wavelength-dispersive detection is
like being able to sense all the shades of blue with very high precision, but be-
ing blind to all other colors. In this thesis, I have used a high-energy resolution,
energy-dispersive detector called transition-edge sensor (TES) array (see Fig. 1).
TES array was incorporated to PIXE measurements in vacuum and in-air, its per-
formance was quantified, and it was used to study chemical effects of different
titanium-containing thin films.



2 X-RAY GENERATION AND INTERACTIONS WITH
MATTER

X-rays are photons with higher energy than visible light or ultraviolet light. X-
rays have typically energies between 100 eV and 150 keV. The photons with even
higher energies are called gamma rays. The gamma rays are commonly defined
to originate from nuclear transitions, and X-rays from atomic transitions or accel-
eration of charged particles, and there is some overlap in energy between X-rays
and gamma rays. [12]

2.1 X-ray generation

In order to understand X-rays originating from the atomic transitions, one needs
to understand electronic shell structure of atoms. All elements have a unique
electronic shell structure with quantized energy levels. Each electron in the atom
can be described with four (4) quantum numbers: principal quantum number
(n=1, 2, 3,...), angular quantum number (`=0, 1,..., n-1), magnetic quantum num-
ber (m=−`, −`+ 1,..., `− 1, `), and spin quantum number (s=±1

2 ). Furthermore,
quantum numbers (`) and (s) are often combined into total angular momentum
quantum number (|`− s| ≤ j ≤ |`+ s|). In practice instead of full quantum num-
bers different notations like the atomic notation or the X-ray notation are used.
The equivalents of these three notations for the first 28 electrons are summarized
in Table 1 [13].
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TABLE 1 Comparison of different electron shell notations [13]. The first notation gives
the principal quantum number (n), angular quantum number (`), and total an-
gular momentum quantum number (j). The spin quantum number has only
a small effect on the energy levels and is not shown here. In the atomic no-
tation, the angular quantum number is replaced with a letter (0=s, 1=p, 2=d,
etc.). In the X-ray notation, the principal quantum number is replaced with a
letter (1=K, 2=L, 3=M, etc.), and other quantum numbers are replaced with an
integer with consecutive numbers.

n`j atomic notation X-ray notation
10(1/2) 1s1/2 K1
20(1/2) 2s1/2 L1
21(1/2) 2p1/2 L2
21(3/2) 2p3/2 L3
30(1/2) 3s1/2 M1
31(1/2) 3p1/2 M2
31(3/2) 3p3/2 M3
32(3/2) 3d3/2 M4
32(5/2) 3d5/2 M5

2.1.1 Characteristic X-rays

A characteristic X-ray or an Auger electron is emitted when an electron from a
higher energy shell transfers into a lower energy shell. This always requires an
electron-hole in an inner electron shell which can occur, for example, by excitation
with an energetic photon, electron or ion, or spontaneously by electron capture
(see Fig. 2 for an illustration). If the excited atom has more than one electron-hole
the emitted X-ray generates a satellite line or a hypersatellite line in the case of
two K-shell electron-holes (for K-shell transitions) [13].

FIGURE 2 An illustration of a characteristic X-ray emission. An energetic particle (ion,
electron), or a photon creates an electron-hole at K-shell, which is filled by
an L-shell electron leading to emission of Kα X-ray (in this example).
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TABLE 2 Different Siegbahn and IUPAC notations [13] are compared and relative in-
tensities for silver within each shell are given [14].

Siegbahn notation IUPAC notation Relative intensity
Kα1 KL2 100
Kα2 KL3 53
Kβ3 KM2 16
Kβ1 KM3 9
Kβ2 KM4 and KM5 4
Lα1 L3M5 100
Lα2 L3M4 11
Lβ1 L2M4 56
Lβ3 L1M3
Lβ4 L1M2
Lβ2 L3N5 13
Lγ1 L2N4 6
Lγ3 L1N3
Lι L3M1 4

Mα1 M5N7
Mα2 M5N6
Mβ M4N6
Mγ M3N5

The most probable transitions follow rules: δn 6= 0, |δl| = 1, |δj| = 0, 1 [12].
The first transition following the rules is L2→K1, which exists for elements with
5 electrons or more (boron or heavier). Transitions that do not follow aforemen-
tioned rules are called multipole lines or forbidden lines [13] but are rarely used
in X-ray spectroscopy because of the low transition probabilities.

Characteristic X-ray transitions are marked most commonly with the Siegbahn
notation or with the IUPAC notation [13]. In the Siegbahn notation, three char-
acters are used to distinguish the transition; a capital letter (K, L, M, ...) indi-
cating the shell with an electron-hole, a Greek letter (α, β, γ, η) groups together
transitions close each other in energy, and an integer number (1, 2, ...) specifies
the exact transition. In the IUPAC notation, the X-ray notations (see Table 1) of
electron-hole and the hole-filling electron are used to indicate the transition. The
most common K-, L-, and M-shell transitions are marked with these two different
notations in Table 2 [13].
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2.1.2 Radiation emitted by a charged particle with changing velocity

When a charged particle, like a proton or an electron, is being accelerated it emits
photons. The origin of this type of radiation is generally related into two different
processes: synchrotron radiation, and Bremsstrahlung radiation. In synchrotron
radiation, the charged particle is accelerated radially, and in Bremsstrahlung ra-
diation the charged particle is deflected by the electric field of another charged
particle. Synchrotron radiation, as the name implies, is most relevant in syn-
chrotrons, and in this thesis, I will focus on Bremsstrahlung radiation.

Bremsstrahlung radiation is a form of radiation that spreads continuously in en-
ergy from zero to some maximal energy. It is known that the intensity of Brems-
strahlung is proportional to the acceleration of a moving particle to the second
power [11]. For example as electrons and protons differ by the mass and sign of
charge they experience equally strong Coulomb interaction, but they have differ-
ent acceleration. Because a proton is approximately 1840 times heavier than an
electron, it creates radiation that has almost 3 400 000 times lower intensity.

Intensity of the Bremsstrahlung radiation depends on the detection angle and
follows equation

I = C
sin (θ)2

(1− β cos (θ))6 , (1)

where C is a constant, θ is the detection angle and β = v/c is the ratio of the
velocity of the charged particle to the speed of light [12]. The detection angle is
defined as the angle between the vector pointing from the particle to the detector,
and the velocity vector of the particle.

2.2 Interactions of X-rays with matter

X-rays can be absorbed by the electrons in the atom. Atomic electrons are bound
to the atom, but when given enough energy, they can be excited into free elec-
trons, and this is called the photoelectric effect (illustarted in Fig. 3). The photo-
electric effect can be written mathematically as

Kmax = h f −W, (2)

where Kmax is the maximum kinetic energy of the ejected (photo)electron, h f is
the energy of the incoming photon, and W is the minimum energy required to re-
move an electron. If h f < W, then photoelectric effect does not take place, since
kinetic energy of the electron must be positive. The minimum energy required
to remove the most loosely bound electron is so small for all elements, that the
photoelectric effect takes place in all elements for X-rays. When the energy of
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FIGURE 3 An illustration of the photoelectric effect. Only the photons with high
enough energy can knock out electrons out of the valence band, and the
higher energy photons (higher frequency) can penetrate deeper in the sam-
ple on average.

the incoming photon increases, the photoelectric effect can take place with elec-
trons closer to the ground state, and a sudden increase in absorption is observed.
These sudden increases in absorption are called X-ray absorption edges. The in-
teractions of primary incoming radiation with these inner-shell electrons are also
exploited in many X-ray techniques, such as X-ray fluorescence, X-ray absorption
spectroscopy, and Auger electron spectroscopy. [12]

The X-ray absorption is strongly affected by the absorbing atom and the X-ray
energy. The kinetic theory of absorption [12] predicts that the probability of X-
ray absorption by a single electron of the atom shell, a.k.a. atomic coefficient for
X-ray absorption, is

ta = Caλ3Z4, (3)

where Ca is a constant for each absorber element, λ the wavelength of the photon
and Z the atomic number of the absorber atom. It can be noted that the X-ray
absorption depends heavily on the photon energy (lower energies are more easily
absorbed), and absorber material (heavier elements have higher absorption). This
explains why light elements, like Be, are used when high X-ray transmission is
required and heavy elements like Pb are used when high X-ray and gamma ray
absorption is required. An example of X-ray absorption from 10 eV to 20 keV
X-ray energies for three different materials, Be, Cu and Pb, is shown in Figure 4
[15].

Like visible light, also X-rays follow the Snell’s law of refraction. The refractive
index for X-rays, however, is very close to unity and in the scope of this thesis the
refraction is not relevant. X-ray reflection, on the other hand, is a matter of great
interest. Total external reflection can take place when X-rays come from optically
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denser material (like vacuum) to optically less dense material (like glass). Because
the refractive indexes are very small for X-ray energies, the incident angle must
be very small for the reflection. This critical angle for borosilicate glass can be
approximated as [16]

θ =
0.03

E
, (4)

where θ is in radians when energy E is given in keV. For example, for a typical
X-ray energy of 5.9 keV, the critical angle is 0.29 degrees. The reflectivity below
the critical angle does not reach 100% because some X-rays are always absorbed
in the glass.

X-rays can also interact with the crystalline structure of the material via Bragg’s
diffraction. If the X-rays scattered from two different lattice planes have the same
phase constructive interference takes place, and this condition is written as [12]

2 · d sin(θ) = n · λ, (5)

where d is the lattice spacing, λ the wavelength of the photon, and θ the angle of
incidence.

Photons can also interact via Thomson scattering, Rayleigh scattering, Compton
scattering, and pair production, but these are less dominant at typical X-rays rel-
evant to this thesis than the interactions discussed earlier, and I will not discuss
these interactions here.



3 PARTICLE-INDUCED X-RAY EMISSION

Particle-induced X-ray emission is a technique known to be capable of fast, multi-
elemental analysis. In PIXE, an ion beam is used to excite inner-shell electrons
from the target atoms, and the characteristic X-rays are detected. PIXE is attrac-
tive for many reasons: it can be used to detect almost all elements with the excep-
tion of lighter elements, it is delicate enough for measuring expensive museum
artifacts, it can be performed outside a vacuum, it is capable of detecting very
small concentrations, and so on. [11]

3.1 Ion-matter interactions

The interaction of ions, such as protons, with the matter is quite different from the
interactions between X-rays and matter. When an energetic particle collides with
matter there can occur many interactions such as a change of the charge state,
elastic scattering, inelastic scattering, nuclear reactions et cetera [17]. Since the
topic is very broad I will only focus on the energy loss which is the interaction
most relevant to particle-induced X-ray emission.

The energy loss of a charged particle traveling in a matter can be associated into
four different phenomena: electronic stopping, nuclear stopping, change of pro-
jectile charge state, and radiative stopping [17]. Electronic stopping refers to the
energy loss caused by the excitation and ionization of target electrons (inelastic
collisions), and with typical proton energies used in PIXE, it is the dominant ef-
fect. Nuclear stopping refers to the elastic collisions with the atomic nucleus in
the matter. The effect of the projectile charge state change to the velocity of in-
cident ion is rather small and can be ignored. The radiative stopping refers to
slowing down of ions due to the emission of radiation and its contribution to the
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stopping becomes important at high projectile energies. Most notably radiative
effect for PIXE is the bremsstrahlung radiation that was discussed earlier.

The stopping force (a.k.a. stopping power) is used to describe the average energy
loss in the matter and is defined as

S = −dE
dx

. (6)

Instead of stopping force, stopping cross section is sometimes used

SM = −dE
dx

N−1, (7)

where N is the particle density of the matter [17]. Sometimes mass density ρ is
used instead of the particle density.

3.2 Quantitative elemental analysis

The intensity of diagram X-ray lines Y (Z), and concentration CZ expressed in
mole per atomic fraction (CZ = MZ/Mtotal), of the element Z are related through
equation [11]

Y (Z) =
NavωZbZtZεZ (Ω/4π)

AZ
NPCZ

∫ E f

E0

σZ (E) TZ (E)
SM (E)

dE, (8)

where Nav is the Avogadro constant, ωZ the fluorescence yield (probability that
X-ray is emitted when an electron is relaxed to inner-shell), bZ the branching frac-
tion of the diagram line (e.g., Kα1 within K series), tZ the transmission through
any absorber between the sample and the detector, Ω the detector solid angle, ε

the efficiency of the detector, AZ the atomic mass of the element, NP the num-
ber of the incident ions, E0 the initial energy of the incident ion, E f the energy of
the ion exiting the material, σZ the ionization cross section and SM (E) the over-
all stopping cross section of the sample (SM (E) = dE

dx ρ−1). The integral term is
known as the matrix correction which can only be evaluated if all concentrations
of the (major) elements in the matrix are known. The TZ term within the integral
term is the X-ray transmission of the matrix

TZ = exp
[(

µ

ρ

)

M

cos α

sinθTO

∫ E

E0

dE
SM (E)

]
, (9)

where
(

µ
ρ

)
M

is the concentration weighted sum of the mass attenuation coeffi-
cients of the matrix elements, α the tilt angle (angle between sample normal and
beam) and θTO the exit angle of the detected X-ray (0° ≤ θTO ≤ 90°). It should
be noted that the equation (8) does not take into account secondary fluorescence;
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referring to the absorption of X-rays originated in the sample which then fluores-
cence as a lower energy X-rays (e.g. Fe Kα absorbed by Si, and re-emitted as Si
Kα).

The likelihood of an ion interacting with the material so that X-rays are produced
is called an X-ray production cross section, σx , and it can be written as

σx = σZωZ. (10)

Semi-empirical K- and average L-shell fluorescence yields [18, 19] are plotted in
Fig. 5, K- and L-shell ionization cross-sections as a function of atomic number for
a 3 MeV proton beam are plotted in Fig. 6, and the ionization cross-sections for
Na, Si, Fe, Cu K lines as a function of proton beam energy are plotted in Fig. 7.
Ionization cross-sections were calculated using the ISICS2008 software [20].

3.3 Common features in X-ray spectra

To understand the features of a common X-ray spectrum, the understanding of
just characteristic X-rays is not enough. The other common features include back-
ground radiation, pile-up, and escape peaks [11]. An example of an X-ray spec-
trum containing all these features is shown in Fig. 8.
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FIGURE 6 Ionization cross sections for a 3 MeV proton beam, 6.8 MeV 12C beam, and
11.9 MeV 63Cu beam as a function of target atom atomic number. The cross
sections were calculated using the ISICS2008 software [20]. For 12C beam,
and 63Cu beam the edges are resulting from the change of ionization cross
section from K-shell to L-shell and from L-shell to M-shell. Reported L- and
M-shell ionization cross-sections are sums of the subshell (L1, L2, etc.) ion-
ization cross-sections.
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FIGURE 7 K-shell ionization cross section as a function of proton beam energy for five
different elements: Na, Si, Ti, Fe, Cu. The cross sections were calculated
using the ISICS2008 software [20].
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FIGURE 8 Measured X-ray spectrum of a sample containing Fe and Co. In the spec-
trum, the peaks of the main elements, pile-up peaks, escape peaks, and
background are shown. The measurement was done with an external beam
(3.0 MeV incident energy), and as a result Ar from air can be seen. X-rays
were collected using a silicon drift detector.

3.4 Background in PIXE

One factor limiting the detection of characteristic X-rays in PIXE is the back-
ground. The background in PIXE arises mainly from Bremsstrahlung radiation.
It is known that the intensity of the Bremsstrahlung is proportional to the acceler-
ation of a moving particle to the second power. Because a proton is much heavier
than an electron it creates radiation that has almost over six magnitudes lower
intensity. Also because of this effect, the Bremsstrahlung background caused by
protons is negligible, and the most significant effect is caused by electrons af-
fected by the ion-atom collisions. [11]

The main contribution of the electron background comes from secondary elec-
tron Bremsstrahlung (SEB) [21]. The maximum energy of the Bremsstrahlung
radiation from SEB is the maximum energy of an electron. This is approximately
the same as the maximum energy an ion can transfer to an electron in an elastic
collision. Using conservation laws of energy and momentum it follows that the
maximum energy that can be transferred, Tm, is

Tm = 4E0
me

mion
, (11)

where me is the mass of electron, mion the mass of the incident ion and E0 the
energy of the incident ion. This value is circa 6.5 keV for a 3 MeV incident proton
beam. [22]

The intensity of these backgrounds varies with the detection angle. The most
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intense SEB background is known to be at 90-degree angle with respect to the
proton beam. This is why it is beneficial to place the detector at an angle different
than 90 degrees relative to the beam. [22]

In addition to the Bremsstrahlung background, the gamma ray background is
relevant in some cases. It is caused by the Compton scattering of high-energy
photons originated from nuclear reactions in the specimen. These high energy
photons collide inelastically in the matter and lose some of their energy. The
effect is highest when there are light elements, such as, C, N, O, F, Na, Si, P, S, Cl,
K or Ca in the sample, as shown by Anttila et al. [23].

3.5 Pile-up and escape peaks

In the X-ray spectrum, there are two common detector related phenomena: pile-
up and escape peaks. Pile-up happens when two (or more) photons reach the
detector so close in time to each other that the detector records only one event
with the energy of the photons combined. Escape peak is a feature of the detector
absorber material. When a photon with energy higher than the absorption edge of
the detector absorber material interacts with the detector, it can excite the atoms
in the detector and the characteristic X-rays are emitted from the detector. If these
X-rays escape the detector material, then the detected energy is equivalent to the
original energy subtracted with the characteristic X-ray of the detector absorber
material. [11]

3.6 Different ionization methods

There are three main methods to excite inner-shell electrons of atoms: an elec-
tron beam, high-energy X-rays, or an ion beam [12]. For each of the excitation
methods, there is an X-ray spectroscopy technique: scanning electron microscope
energy-dispersive X-ray spectroscopy (SEM-EDX) [24], X-ray fluorescence (XRF)
[25] and particle-induced X-ray emission (PIXE) [11], respectively. All of the men-
tioned techniques have the same underlying principles, but with a unique char-
acteristic.

SEM-EDX is performed always under a vacuum, which allows the detection of
the low energy X-rays with good efficiency. Compared to the other two tech-
niques it has a very high Bremsstrahlung background originating from the inci-
dent electron beam. This makes it harder to detect low concentrations, but SEM-
EDX has the advantage of producing high lateral resolution elemental maps and
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FIGURE 9 Standard reference material NIST SRM 611 (glass with impurities) measured
using different X-ray emission techniques. Two different acceleration volt-
ages were used for X-ray fluorescence (XRF), and three different detectors,
low-energy (LE), high-energy (HE) and transition-edge sensor array (TES),
were used for particle-induced X-ray emission (PIXE).
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taking high-resolution SEM images at the same time. The backscattered electrons
can be easily deflected, and no additional filters are needed and elements down
to B can be detected. [24]

X-ray fluorescence is a very compact technique and out of the three, the only one
that is portable. The X-ray source is much cheaper compared to a scanning elec-
tron microscope or a particle accelerator making the technique easily available.
X-ray fluorescence also has a low background, and it can be operated outside
of a vacuum. X-ray fluorescence excites X-rays from deeper inside the sample
than SEM-EDX and typical PIXE, which can be an advantage or a disadvantage,
depending on the situation. [25]

In PIXE, typically a 2–3 MeV proton beam is used for excitation. As in XRF, PIXE
has a low background, and ability to measure outside of a vacuum. A proton
beam can be focused into a microbeam and elemental mapping can be done with
a better lateral resolution than with XRF, but not as good as SEM-EDX. Proton
beam is also more efficient at exciting X-rays from lighter elements and less effi-
cient at exciting X-rays from heavier elements compared to the XRF. [11]

Sometimes it can also be beneficial to use heavier ions such as 7Li or 12C for PIXE,
and this is often called heavy-ion PIXE or HIXE. The biggest advantage of HIXE
is the ability to combine it with other powerful ion beam analysis (IBA) methods,
like Rutherford backscattering spectrometry (RBS) [26] or elastic recoil detection
analysis (ERDA) [27]. In some cases, HIXE can also be more sensitive than regular
PIXE [26]. Some disadvantages of HIXE is that it cannot be used for external
beam measurements, and the characteristic X-rays from the incident ion beam can
disturb the detection of certain elements. Combination of heavy ions and high-
energy resolution can be beneficial for chemical speciation, and it is discussed in
detail later.

A comparison of different techniques is shown in Figure 9. A glass with a compo-
sition of 72% SiO2, 14% Na2O, 12% CaO, 2% Al2O3 was measured with all tech-
niques. In addition, the sample contains more than 50 added trace elements with
a nominal 500 ppm concentration. In the figure, there is one SEM-EDX spectrum,
two XRF spectra, and three PIXE spectra with different detectors (low-energy,
high-energy, and high-energy-resolution detectors). SEM-EDX does not see the
lower concentration elements but has the best efficiency at energies below 1 keV.
With XRF more high energy X-rays are generated than with other methods, and
only with PIXE high-resolution detector we can see all the different X-ray transi-
tions in 4–8 keV energy region. In conclusion, all the techniques have their uses,
and it depends on the area of study which method is preferred.
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3.7 X-ray optics

Focusing X-rays is beneficial in many cases. It allows more efficient X-ray col-
lecting, and thus smaller beam doses can be used or higher statistics collected in
shorter time. Focusing X-rays; however, is not a trivial task. The solution that has
been created for this problem is the polycapillary lens [16].

A polycapillary lens focuses X-rays by means of total external refraction (Eq. (4)).
These lenses consist of multiple hollow glass tubes with diameter in the order of
few or tens of micrometers. When these capillaries are slightly bent, the system
becomes a focusing tool [16]. Polycapillary lenses have seen some use in SEM-
EDX [28], and in PIXE [29, 30]. Focusing polycapillary lenses are widely used in
XRF both in the source (enabling micro-XRF) and detector side [16]. An image of
a polycapillary lens is shown in Figure 10.

One thing that should be noted is that the area from where X-rays are collected is
energy dependent. The full-width half-maximum diameter of the collection area
d can be obtained with equation

d = 2 · θ · f , (12)

where θ is the critical angle (Eq. (4)), which depends on the energy of the X-ray
and f is the distance between the lens and X-ray spot [16].

3.8 Chemical analysis with PIXE and other X-ray techniques

For chemical analysis, two common X-ray methods used are X-ray photoelectron
spectroscopy (XPS), and X-ray absorption near edge structure (XANES or NEX-
AFS).

XPS is a surface sensitive method for chemical and elemental analysis. In XPS,
the sample is exposed to monoenergetic X-rays. Then, as the name implies, pho-
toelectrons are emitted and detected. These photoelectrons can only escape from
the first 1 to 10 nm, making the technique very surface sensitive. The measured
kinetic energy of the detected electrons is related to the binding energies of the
photoionized atom. These binding energies are affected by the chemical envi-
ronment and the electronic structure of the atom which is utilized for chemical
analysis. This technique can detect elements heavier than helium. [31]

XANES is a measurement of X-ray absorption near the absorption edge of an
element. XANES is a method highly sensitive to the chemistry, oxidation state,
and geometry of the absorbing atom. This technique requires a tunable, high-
intensity X-ray source and it is done usually with synchrotrons. [32]
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FIGURE 10 a) A photograph of the polycapillary lens used at the University of
Jyväskylä, b/c) The polycapillary lens imaged with an optical microscope
using two different magnifications.

PIXE is most often associated with only elemental analysis yielding no chemi-
cal information. However, the technique has been demonstrated to be useful for
chemical speciation already in the 1970s using high-energy resolution wavelength-
dispersive detectors [33–36]. Chemical speciation with PIXE has not been widely
applied probably due to limited equipment (requires high-energy-resolution de-
tector), and more experimental data is required before a fundamental under-
standing of X-ray satellite line intensity dependency on different chemical en-
vironments can be reached [37].

Chemical sensitivity of PIXE can come from energy shifts of the X-rays [33, 34],
from the relative intensity changes of different diagram lines [38], or from the
relative intensity changes of the X-ray satellite lines [35] (lines with two or more
electron vacancies). In the first case, the shift is typically between 0.1 and 1 eV
[39] (illustration in Fig. 11). In the second case, typically the ratio of α and β tran-
sitions is measured. This ratio has been reported to differ up to 10% [38] in some
cases. In the final case, heavy ions (He or heavier ions with high stopping power)
are used to achieve multiple ionization of the target atoms, and along with the
inner-shell electron, also outer-shell electrons are excited to the vacuum level.
The energy of the emitted photon depends on the number of electron vacancies,
and instead of a single peak, multiple peaks can be observed. Before the X-ray
emission, some of the extra vacancies can be filled, and this is affected by the
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FIGURE 11 An illustration of two different chemical effects in high-resolution PIXE
spectra: an energy shift and a multiple ionization X-ray satellite intensity
change. X-ray energy shifts are caused by change in the electron binding
energies for the element in different chemical environment. Multiple ion-
ization X-ray satellite intensity changes are mainly caused by electron rear-
rangement processes prior the X-ray emission.

chemical environment. When these vacancies are filled by electrons from neigh-
boring atoms (interatomic transitions) or by valence electrons bound to neigh-
boring atoms (intra-atomic transitions) the probability to fill vacancies depends
on the chemical environment [35] (illustration in Fig. 11). These rearrangements,
in some cases, cause significant changes in X-ray satellite line structure between
different chemical species of the same element.

Chemical shifts in PIXE

Chemical shift in X-ray emission techniques is generally defined as the change in
characteristic X-ray energy between the atom in chemical compound and atom
in metal (or in other single element form) ∆E = Ecompound − Emetal [34]. Chemical
shifts can be caused by changes in the core binding energies, multiplet structures,
valence-band energies or changes in the density of states [34]. These effects make
it hard to predict the energies. Theoretical calculations using Hartree–Fock–Slater
and Hartree–Fock computer codes have been done, and they were able to predict
some, but not all of the observed trends [34, 36]. Density functional theory (DFT)
has been also applied for the study of chemical shifts, and it has been applied for
predicting the experimental results with a good success [40]. Because of small
changes, studying these requires a detector with high-energy resolution.
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X-ray satellite lines

There are three types of X-ray satellites: multiple ionization satellites, charge-
transfer satellites for late transition-metal compounds, and molecular–orbital split-
ting satellites [41]. From these the multiple ionization satellites are the ones usu-
ally referred as satellite lines. We will focus on the first type of X-ray satellites,
discussion of the other satellites can be found from reference [41].

When heavier ions, like 4He+, 12C3+, or 20Ne2+, are used for bombarding the
sample, multiple ionization becomes common. When multiple ionization oc-
curs, X-ray satellite lines or even hypersatellite lines can be detected. These X-
ray satellites are generally written with following notation [13], XaYb, where X is
the inner-shell with the electron hole, Y is the outer-shell where electron comes
to fill the inner-shell hole, and a and b are the number of electron holes in these
shells. The common Kα transition with this notation can be written as K1L0, but
usually, the index for inner-shell ionization is left out if it is one. Thus, KL0 is
also a proper notation for Kα transition(s). The transitions where a=1 and b>0 are
called satellite lines, and transitions where a>1 are called hypersatellites [13]. The
hypersatellites are much rarer than satellite lines, and thus not as interesting for
applications.

When studying the multiple ionization satellite distributions, the average L-shell
vacancy fraction during X-ray emission (for KL transitions) is often used, and it
is defined as [42]

pL =
1
N ∑

n
n fn, (13)

where N is the number of L-shell electrons in the non-ionized state and fn is the
fractional intensity (∑ fn = 1) of the nth satellite line. The geometrical model
(GM) was developed to study the systematics of the pL [43]. The model predicts
that the number of spectator vacancies at shell n (n = 1 (K) , 2 (L) , 3 (M) , ...) is a
function of the universal variable Xn

Xn =
4V
√

G (V)Z1

nv1
, (14)

where v1 is the velocity of the incident ion, v2 is the average velocity of electron
in n shell, V = v1/v2, Z1 the atomic number or effective charge of the incident
ion, and G (V) is the binary encounter approximation (BEA) scaling function in
equation [44]

σ =
NZ2

1σ0

U2 G (V) , (15)

where σ is the ionization cross-section, N = 8 for L-shell, σ0 = πe4 is a constant,
and U is the electron binding energy. Universal variable Xn can be interpreted
as the measure of the perturbation strength that characterizes the collision. The
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value of universal variable Xn also depends on whether Z1 is interpreted as the
effective charge or the atomic number and how the BEA scaling function is cal-
culated.

It has been shown by Watson et al. [35] that multiple ionization satellite line
intensities are affected by the chemical bonds and they have been studied ever
since in many papers, [39, 45–49] to name a few. For chemical information, rel-
ative intensities of the satellite lines are usually the most interesting feature, but
also chemical shifts can be analyzed. Changes in relative intensities between dif-
ferent chemical bonds are most drastic when the electron that fills the inner-shell
hole comes from the valence shell. This is natural as the valence shell electrons
contribute most to the chemical bonds. For example, in a study by Uda et al. [39]
large relative intensity changes were observed for different fluorides (Z = 9), but
not for different sodium (Z = 12) compounds when studying Kα X-ray satel-
lites. However, significant relative intensity changes can also occur for transi-
tions where the electron shells involved in the X-ray emission process are not
involved in the chemical bonds. This can happen for two reasons: either the col-
lision produces different vacancy distribution or outer-shell rearrangements take
place prior to the X-ray emittance that change the intensity distribution. Based
on the experimental data it has been concluded that the latter case is the domi-
nant one [35]. Prior to the X-ray excitation, some of the outer-shell electrons are
rearranged in a process involving electrons from the neighboring atoms. In other
words, the outer-shell holes are filled by electrons from neighboring atoms, which
allows chemical speciation.

The geometrical model does not factor in the chemical environment, and we need
other theories to understand and predict the effect of the chemical environment.
Average total valence electron density of a chemical compound is a parameter
that has been shown to correlate with pL values and can be calculated as [35]

DV = 0.602
nvρ

Wmol
electrons/Å3, (16)

where nv is the total number of valence electrons, ρ is the mass density and Wmol
is the molecular weight.

DV can predict general trends, but it cannot predict the intensity distributions
accurately. Intensity distributions of X-ray satellite lines have been calculated
theoretically, for example by Uda [50]. Uda used molecular orbital calculations to
predict the intensity distributions of fluoride compounds with a good agreement
to experimental data.



4 X-RAY DETECTORS

4.1 Transition-edge sensor

A transition-edge sensor, TES, takes advantage of the superconducting phenom-
ena. To be more specific, TES utilizes the sharp transition between the supercon-
ducting and the normal state. When an energetic particle, for example, a photon
is absorbed in the detector, the temperature rises. This small temperature rise
causes the resistance of the superconductor at the transition-edge increase, lead-
ing to an energy resolution even better than 0.1% for a typical X-ray. The energy
resolution of the detector depends strongly on the temperature (because of the
thermal noise), and therefore the superconductor is chosen so that its supercon-
ducting transition is close to 100 mK temperature. [51]

The transition-edge sensor is a calorimeter with three main components: a ther-
mometer, an absorber, and heat bath [51]. The thermometer is a superconductor
at the transition-edge, and it is the most critical part affecting the energy resolu-
tion. The absorber is made of an element (or elements) with a high X-ray absorp-
tion, typically Au or Bi, and it converts the energy of the photon into heat. The
absorber properties determine the X-ray absorption efficiency, and the decay time
of the X-ray pulse depends on the heat capacity of the absorber as well as with the
thermal conductance of the absorber and heat contact between the absorber and
the heat bath. The heat bath is a cooling component which keeps the system at the
operating temperature during the measurement. Typically adiabatic demagneti-
zation refrigerator, ADR, is used to cool the detector to sub-Kelvin temperatures.
The operation principle of a transition-edge sensor is visualized in Figure 12.

To characterize the performance of TES, some key properties are energy resolu-
tion, X-ray absorption efficiency, and the decay time of the pulse. The energy
resolution of the transition-edge sensor can be approximated using equation [52]
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FIGURE 12 The operation principle of the transition-edge sensor. A photon absorbed
in the detector is converted to heat, and a superconductor in the transition-
edge is used as a thermometer to detect the absorbed energy of the incom-
ing photon.

E f whm = 2.35

√
4kBT2

0 C0

α′

√
N
2

, (17)

where kB is the Boltzmann constant, T0 the temperature of the TES, C0 the heat
capacity of the absorber, and α′ describes the steepness of the superconducting
transition. The constant N (typically 6) describes the power of the cooling into
the heat bath in equation Pcool

(
TN − TN

bath
)
, where T is the temperature of the

absorber/superconductor and Tbath is the temperature of the heat bath. As can
be seen from Eq. (17), it is critical to keep the detector at a very low temperature.
The transition-edge of the superconductor, and thus the operating temperature,
is around 100 mK.

The X-ray absorption efficiency depends on the absorber material and its thick-
ness. Absorber material has also two other important properties: heat capacity
C, and thermal conductivity G. When the photon comes to the detector, it cre-
ates a thermal pulse which rises rapidly to a value inversely proportional to heat
capacity and then exponentially decays with a time constant τ = C/G, where
C is the heat capacity and G is the thermal conductivity (including the thermal
conductivity of the thermal link) [51]. This thermal pulse creates a change in the
resistance of the superconductor, and the change in the current is measured. Fast
decay time and high pulses are preferable and thus small heat capacity and high
thermal conductivity are desired. Also as seen from equation (17), small heat ca-
pacity is desirable for good energy resolution. For good X-ray absorption, how-
ever, a thicker absorber is preferred which leads to higher heat capacity. Thus the
absorber thickness must be carefully decided depending on the intended use of
the detector. For high absolute efficiency, large active absorber area is desirable,
which also increases the heat capacity.

A TES array is a solution created to overcome requirements for small heat capac-
ity and high X-ray efficiency. Instead of making a TES with one large absorber, a
detector array is built with over hundred individual pixels. Furthermore, a time-
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division multiplexing is used to read each pixel while minimizing the number of
wires and heat load in the detector array. [51]

4.2 Solid-state detectors

Some of the oldest solid-state detectors are lithium drifted semiconductor detec-
tors, Si(Li) and Ge(Li), and high-purity Ge (HPGe) detector. These detectors are
based on electron-hole pair creation by the incoming photon. Charges are col-
lected by an electric field, charge pulse is created and amplified and the electric
signal is analyzed. These detectors were the first ones to obtain a good enough
energy resolution and efficiency to distinguish neighboring elements with a quick
measurement. These detectors require low operating temperatures (usually us-
ing liquid nitrogen) to suppress background from a thermal electron-hole pair
production. Ge detectors retain high efficiency at higher energies because of the
higher absorption efficiency of Ge compared to Si. On the other hand, the escape
peak of Ge is more intense, and it has also higher efficiency for the gamma ray
background. [11]

Within the last two decades, especially silicon drift detectors (SDD) have replaced
other semiconductor detectors. With SDDs no cryogenic liquids are required for
the cooling, but instead, the operating temperature is reached with electrothermal
(Peltier) cooling [53]. In SDDs, highly pure Si with a very low leakage current is
used, which allows the higher operating temperature compared to Si(Li) detector,
for example. Electrothermal cooling allows more compact detectors that can be
used even in portable systems. Another advantage of SDD is the ability to pro-
cess very high count rates without sacrificing too much of the energy resolution.
The high count rates are achieved by the design with small anode surrounded
by many electrodes. Depending on the electrode that the photon hits, the drift
time to the anode is different, which makes it possibly to distinguish even mul-
tiple photons that hit the detector at the same time. This "drift" principle allows
the detector to handle count rates even up to million counts per second. The dis-
advantage of SDD compared to Si(Li) detector is worse X-ray efficiency at high
energies due to thinner absorbing material. The compact size of a modern solid
state detector (Ketek AXAS-D silicon drift detector) is shown in Fig. 13.
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FIGURE 13 An image of a modern silicon drift detector (Ketek AXAS-D detector). All
the electronics and cooling needed for the detector are inside the compact
casing. The actual active area is highlighted in the figure, is quite small
(6.2 mm in diameter) and circular in shape.

4.3 Wavelength-dispersive detectors

The wavelength-dispersive X-ray detector (WDX) is based on the principle of
Bragg’s law (Eq. (5)). A high-quality crystal is used to obtain a sharp constructive
interference peak. The X-rays with different energies scatter to different angles,
and are detected with position sensitive detector like a charged coupled device
(CCD). With one crystal only a narrow energy region can be detected, so multiple
crystals are needed. For the price of the low efficiency, energy resolution down to
0.5 eV can be achieved [40]. The basic principle of WDX is shown in Fig. 14.
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FIGURE 14 A schematic drawing of wavelength-dispersive X-ray detector (WDX), and
simulated spectra for WDX and silicon drift detector (SDD) for an illustra-
tion. WDX has a superior energy resolution allowing for the separation of
peaks that overlap in SDD spectrum. On the downside, WDX works on
narrower energy region compared to the SSD. Simulations were calculated
using CPIXE software[54]

.



5 TRANSITION-EDGE SENSOR DATA ANALYSIS AT
THE UNIVERSITY OF JYVÄSKYLÄ

5.1 Digital filter

Transition-edge sensors are inductively coupled with SQUIDs (Superconducting
QUantum Interference Device). One SQUID is coupled to bias and feedback cur-
rent. When the photon hits the detector, resistance changes and the bias current
also changes (bias voltage is constant). Feedback loop tries to keep the overall
magnetic flux through the SQUID as constant, and the change in the bias current
causes a pulse in the feedback voltage which is stored. To obtain the energy spec-
trum from the measured data in a pulse form, digital signal processing is used.
Digital filtering (from now on shortened as filtering) is a series of mathematical
procedures to obtain information from discrete data. In case of TES analysis, the
pulse height is proportional to the deposited energy and is the quantity we are the
most interested in. From the digital filter, we want the following criteria: short
calculation time; good energy resolution; insensitivity to pile-up, baseline drift,
tails of previous pulses, noise shape, and pulse shape.

The measured signal m is defined as

m =
(
m1, m2, . . . , mj−1, mj, mj+1, . . . , mi−1, mi

)
, (18)

where j is the number of samples before the pulse (pre-trigger signal) and i is
the total number of samples in the pulse. One very simple filter is just taking
a maximum of the pulse fmax = max (m). This filter is very simple and effi-
cient but lacks many properties we are looking from the filter. It is sensitive to
baseline drifts and pile-up, and the energy-resolution is poor. The next step for-
ward would be taking the baseline drift into account so filter could be written
as fheight = max (m)− average

(
m1, m2, . . . , mj

)
. This filter is now less sensitive
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to changes in baseline, but it is more sensitive to tails of previous pulses (in pre-
trigger).

In order to improve the energy resolution and efficiency, a more advanced filter
is needed. One such filter is the optimal filter a.k.a. Wiener filter which was
introduced by Wiener in 1949 [55]. Let’s consider a following measurement

m (t) = (h ? s (t)) + n (t) , (19)

where ? denotes convolution, s (t) is some unknown input signal at time t, h (t) is
known disturbance of the signal (for example motion blur in images), and n (t) is
additional noise. The goal is to find a filter which approximates the input signal

ŝ (t) = (g ? m) (t) , (20)

where g is the Wiener filter in the time domain. We require the filter to minimize
the mean square error E

[
(ŝ− s)2 (t)

]
. If the noise and the shape of the s are

stationary it can be shown that the optimal filter in the frequency domain is

G ( f ) =
H∗ ( f ) S ( f )

|H2| ( f ) S ( f ) + N ( f )
, (21)

where H is the Fourier transform of h, H∗ is the complex conjugate of H, and S, N
are the power spectral densities of s and n, respectively. In the case of transition-
edge sensor pulses, there is no disturbance (H = H∗ = 1), the noise is measured,
and s (t) is the average pulse normalized to unit height. The Wiener filter in the
frequency domain is now

G ( f ) =
S ( f )

S ( f ) + N ( f )
, (22)

and the filter in the time domain can be calculated as the inverse Fourier trans-
form of G ( f ), and it is normalized to the average pulse so that maxi (g ? ŝ)i = 1.
The saved ("filtered") value is normally calculated as maxi (g ? m)i.

In practice, the pulse-shape is energy dependent which is demonstrated in Fig. 15.
Also, the noise is not constant over time, and in the case of pile-up the filter does
not work as intended, and these events must be discarded from the analysis.
Nonetheless, this filter provides a good energy resolution while maintaining a
relatively fast calculation time.

A new class of filters were developed by Alpert et al. [56] to minimize sensi-
tivity to pile-up, while maintaining good energy resolution. I will refer to these
as Alpert filters. These filters are a new class of optimal filters that have some
extra constraints to minimize sensitivity to pile-up. These filters differ from the
standard Wiener filter also in a sense that they are calculated entirely in the time
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FIGURE 15 The pulse shapes of our detector for five different X-ray energies: Si Kα (1.74
keV), Ti Kα (4.51 keV), Cr Kα(5.41 keV), Cu Kα (8.05 keV), and Ge Kα (9.89
keV). Pulse heights are normalized to one. It can be seen that the decay time
of the exponential tail is energy dependent.

domain. Let’s consider a pile-up situation where signal f is thought to consist of
two pulses

f (t) = a0s (t− t0) + a1s (t− t1) + b, (23)

where s is the shape of the pulse, a0 and a1 are heights of the pulses, t0 and t1 are
the arrival times of these pulses (t0 < t1 ) and b is the baseline. The pulse, which
we are now interested in, is the later pulse arriving at time t1, but it is disturbed
by the previous pulse arriving at time t0. The measured signal m consists of noise
n, and the measured signal m can be written as m (t) = f (t) + n (t). The esti-
mated pulse shape ŝ is calculated averaging many pulses and normalized so that
max (ŝ) = 1. Unlike in Wiener filter, extra constraints are used. The constraints
discussed by Alpert in the paper [56] are orthogonality between filter g and dif-
ferent functions, for example, a constant function or an exponential function. The
problem can be formulated in a following way:

minimize V̂ar [â1] (24)

subject to ck (x, y) = 0,

where V̂ar [â1] is the variance of the pulse height, k is the number of constraints
c. This problem can be solved using the method of Lagrange multipliers, and
the exact solution is derived in reference [56]. The default filtering used at the
University of Jyväskylä is Alpert filter with orthogonality constraint to constants
only, V = [v1] = [(1, , . . . , 1)]. This constraint was demonstrated in the paper of
Alpert [56] to be as good as the Wiener filter for a situation with some pile-up,
but it outperformed the Wiener filter in case of high count rate.
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In case of high count rate another Alpert filter that is orthogonal to constants and
exponential tail (previous pulse tail) can be very useful. This filter provided 45%
increase in peak area and also had almost 10% better energy resolution compared
to the Wiener filter when a single pixel count rate was 13.15 Hz. On the down-
side, the Alpert filter orthogonal to constants and exponential tail had 12% worse
energy resolution compared to the Wiener filter when a single pixel count rate
was 2.13 Hz.

5.2 Energy calibration

It is a well-known fact that the response of the transition-edge sensor is non-
linear because the R (T)-curve of the superconducting transition is non-linear.
Currently, there exists no reliable physical model for the calibration, and thus a
purely mathematical model is used. In our case, a cubic spline function is used.
The advantage of this model is that even the most complicated shapes can be
approximated, but the disadvantage is that the reliability outside the fit region
is poor, especially at high energies close to the saturation energy. That is why a
good calibration sample is necessary. In our case, a calibration sample consisting
of Si, Ge, Cu, Cr and Ti and X-rays between 1.74 keV and 9.89 keV is used. This
is the energy region we are most interested in.

The calibration process is automated with a self-made algorithm. First, peaks
are identified with a peak finding algorithm from the uncalibrated spectrum.
Then user gives the main peaks in the spectrum, for example, Kα peaks of the
main elements in the calibration sample. Then every (uncalibrated peak, energy)-
combination is checked until the obtained cubic spline function is acceptable. The
function is considered acceptable if it is a rising function, and the difference be-
tween the smallest slope and the highest slope is small (usually a factor of two
or less is considered small). Then minor peaks in the spectrum, for example, Kβ

peaks of major elements or Kα peaks of minor elements are added to the calibra-
tion one by one if an (uncalibrated peak, energy)-combination, that is considered
acceptable is found.

5.3 Drift corrections

5.3.1 Temperature drift

The transition-edge sensor is an extremely sensitive device both in good and bad.
During the measurements, the baseline (input voltage of the feedback loop) can
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drift, which can be caused by a temperature drift, for example. Because the re-
sponse of the transition-edge sensor is non-linear, the X-ray with the same energy
does produce pulses with different heights depending on the baseline level. Since
these drifts are very small a linear approximation is used.

The simplest drift correction is an energy independent correction. With this cor-
rection, a single X-ray line is chosen, and the change in energy versus the change
in the baseline drift is fitted using linear fit. Using the obtained slope (E/pulse height),
the correction can be performed for all pulses. This correction is sufficient when
the measurement is done at narrow energy range where the energy response of
the detector is nearly linear.

When measuring wider energy range, > 1 keV, we need to start taking into ac-
count the non-linearity of the detector. Let’s define our energy calibration func-
tion as cal (ph) , which takes a pulse height as an input and gives the energy as
the output. The drift corrected energy Edc is calculated as

Edc = cal (ph + ∆)− cal (∆) , (25)

where ph is the analyzed pulse height, and ∆ is the drift of the baseline in the
same unit as ph. Next we need a correction for the constant drift term ∆. We have
to remember that the pulse with height ∆ and the baseline change of ∆ will not
give the same thermal response. For this reason, a correction term α is introduced,
and the equation for the drift correction is now

Edc = cal (ph + α · ∆)− cal (α · ∆) . (26)

In practice, the energy calibration at low energies (� 1 keV) using the standard
spline fitting can behave very non-linearly, although it is known to be almost
linear. Thus in practice at low energies, a 2nd order polynomial is used, and
when allowing cal(0) 6= 0, we will arrive at the final form of the drift corrected
energy

Edc = calHE (ph + α · ∆)− calLE (α · ∆) + calLE (0) , (27)

where HE refers to the standard cubic spline energy calibration at high energies
and LE refers to 2nd order polynomial calibration at low energies. The principle
of this drift correction is visualized in Figure 16.

5.3.2 Other drifts

From time to time, we can notice drifts that are not related to the changes in
baseline, but instead, they stem for example from problems at SQUIDs. Unlike
regular drifts, these are sharp shifts as illustrated in Fig. 17, and the shifts are
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FIGURE 16 The basic principle of energy-dependent drift correction calculation using
the energy calibration curve as a basis. Because the calibration is non-linear,
for different baseline levels the pulse height is different for X-rays with the
same energy.

FIGURE 17 An example of non-continuous drift caused most likely by some sort of
SQUID problem. There are two jumps visible, one at 16100 and the other at
17700.
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typically a few tens of eVs, and they can be seen in spectra as peak doubling. In
practice, this correction is done by fitting a simple step function to the data. This
correction has an unknown energy-dependency, but a correction proportional to
energy seems to work well in most cases for energy range from 4 to 10 keV, but
not below it. Thus a correction applied to different regions may be necessary.

5.4 Graphical interface

A graphical user interface has been developed for analyzing the data from transi-
tion-edge sensors. The interface is written using python2.7 and Qt5 (Qt4 is also
supported). Thus the program should run in any major computer environment.
This new interface allows a more user-friendly way for the TES pulse process-
ing, including cutting the bad data, calculating different optimal filters, tools for
energy calibration, drift corrections, and various data visualization options. In
Figure 18 the graphical interface shows raw pulse records from the measurement
data.

Graphical interface also provides a peak fitting tool optimized for high-resolution
spectrum, but it can be used for fitting any X-ray emission spectra. Peak fitting
tool includes automatic peak identification, fitting of multiple ionization peaks,
fitting of an exponential tail, and the X-ray energies are allowed to deviate from
the tabulated values. Peak fitting tool is integrated with libCPIXE library[54],
and the analysis and the simulation of multilayered samples are supported for
proton-induced X-ray emission. Peak fitting tool is demonstrated in Figures 19,
and 20.
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FIGURE 18 Graphical interface for transition-edge sensor (TES) pulse processing. Three
TES pulses are visualized in the figure.
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FIGURE 19 Fitting of a high-resolution spectrum, including features such as an auto-
matic element detection, fitting of detector parameters, fitting of multiple
ionization X-ray satellite lines, and fitting of overlapping peaks.

FIGURE 20 Detailed region showing the ability to fit multiple ionization peaks, expo-
nential tail, and overlap.



6 QUANTITATIVE ELEMENTAL ANALYSIS USING
TES-PIXE

6.1 Measurements in vacuum

Transition-edge sensors (TES) at the University of Jyväskylä have 2.5 µm thick
Bi absorbers, the system is isolated from the outside using Moxtek Inc. AP3.3
vacuum window, and inside the vacuum there are three in-house manufactured
infrared filters with a composition of a 225 nm thick Al layer on top of a 280 nm
thick silicon nitride membrane on each. In the vacuum measurements a 125 µm
thick Be foil was used as an ion filter.

We used two standard reference materials, NIST SRM 1157 (stainless steel) and
NIST SRM 611 (glass with added impurities), to calibrate the TES array efficiency.
The main elements in the SRM 1157 sample are Mn, Si, Ni, Cr, V, Mo, W, and Fe.
The nominal matrix composition of the SRM 611 glass is 72% SiO2, 14% Na2O,
12% CaO, 2% Al2O3 (mass fractions, not including impurities). The SRM 611
sample contains also 61 additional elements with a nominal 500 ppm concentra-
tion. Spectra of the SRM 1157 and the SRM 611 reference samples are shown in
Figures 21 and 22, respectively.

The detector efficiency was calculated with the help of GUPIXwin program [57].
GUPIXwin was used to calculate X-ray yields, filter transmissions, etc. The peak
fitting of GUPIXwin was not satisfactory for high-resolution data, and it was done
manually. With the known composition of reference samples, the known X-ray
yields, and peak areas the only unknown parameter left is the detector efficiency
which then could be determined. The analyzed detector efficiency, as well as
theoretically expected efficiency and its components, are plotted in Figure 23.
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FIGURE 21 An X-ray spectrum of the NIST standard reference material SRM 1157 (tool
steel), measured using a transition-edge sensor (TES) array and a silicon
drift detector (SDD). Note that the escape peaks in the SDD and TES spectra
appear at different positions; circa 1.75 keV below the intrinsic X-ray line
for SDD and circa 2.4 keV below the intrinsic X-ray line for TES. The SDD
spectrum was collected using an external beam, and the TES spectrum was
collected in vacuum, thus the Ar peaks are visible only on SDD spectrum.
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terials, the NIST SRM 611 (glass with impurities), and the NIST SRM 1157
(tool steel). The points and squares are experimental data, and the solid
lines are calculated values.

6.2 External beam development and characterization

We have designed and built a new beamline with options for external beam and
vacuum chamber measurements using the transition-edge sensor array. The new
beamline is visualized in Figure 24 and the external beam setup in Figure 25.

A critical part of the design was a polycapillary lens which allows detection of
low energy X-rays while stopping scattered proton beam [29]. The polycapillary
lens is attached to a plastic snout which is in He atmosphere as well as the space
between the plastic snout and the sample. The polycapillary lens was designed
in co-operation with IfG - Institute for Scientific Instruments GmbH. We wanted
to increase X-ray intensity gain at lower energies while maintaining good effi-
ciency up to 8 keV. In Figure 26, gains for 5 different polycapillary lens designs
are plotted, the solid line is the chosen design. As can be seen from Figure 26,
the design is always a compromise between efficiency at low and high energies.
Sudden drops in the gain are caused by the X-ray absorption edges of the Si, and
O (SiO2 was used as a capillary material in the simulations).

To characterize the gain of the polycapillary lens, I measured two calibration sam-
ples having calibration energies ranging from O Kα1 to Cu Kα1. The first sample
measured was the NIST standard reference material SRM 611. The second cali-
bration sample was fabricated by means of electron beam evaporation on top of
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FIGURE 24 Two CAD-images of the new beamline at the University of Jyväskylä. The
new beamline is dedicated for the PIXE and RBS measurements. In both
images the ion beam comes from left to right (yellow line in the figure). In
the bottom image following are shown: A = wobbler, B/I = beam profile
meter (BPM), C = motorized slits, D = RBS chopper, E = mounting flange
for the TES array, F = mounting flange for a silicon drift detector or a CdTe
detector, G = goniometer, H = fluorescent screen, J = external beam setup,
see Fig. 25.
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FIGURE 25 A CAD-image of the new external beam PIXE setup at the University of
Jyväskylä. In the image the TES array, beam fluence normalization detec-
tor (beam fluence SDD), low-energy silicon-drift detector (LE SDD), high-
energy silicon-drift detector (HE SDD), polycapillary lens alignment snout,
and metallic polycapillary container are shown. The proton beam goes from
the top-left corner towards bottom-right corner.
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FIGURE 26 Calculated gains for five different polycapillary lens designs. The distance
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of the polycapillary is D. The solid line is the chosen design. The capil-
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compromise between the efficiency at low and high energies.
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area from the exit window. The dead times of the detectors were taken into
account.

C substrate. The second calibration sample contains following thin films from
top to bottom: 14 nm Al, 10 nm Nb, 25 nm Ag, 65 nm Ti, 115 nm Fe, 185 nm Ni,
and 300 nm Cu, and 70 nm Cr.

The measurements were performed in the same day first by measuring both sam-
ples with the polycapillary lens and then both samples without the polycapillary
lens. Detector geometries, He atmosphere, sample positions and beam energy
were kept the same in both measurements. The proton energy 1.7 MeV was cho-
sen so, that the proton beam stops in the He atmosphere even without the poly-
capillary lens. For the common 3.0 MeV proton beam, a polycapillary lens or
some other proton filter is needed. The beam fluence was monitored by measur-
ing Si Kα intensity from the Si3N4 exit window. The measured spectra are shown
in Figures 27 and 28.

Analyzed polycapillary gain and the calculated polycapillary gain for different
glass compositions is plotted in Figure 29. For theoretical calculations we used
three different borosilicate compositions: 1) 81% SiO2, 13% B2O3, 2% Ca2O, 2%
K2O, 2% Al2O3, 2) 81% SiO2, 13% B2O3, 2% Ca2O, 2% K2O, 2% Al2O3, 1% Pb,
3) 65% SiO2, 25% B2O3, 2% Ca2O, 8% K2O, 4) same as 1), but with 1.3 nm RMS
roughness. The exact composition of the borosilicate glass was not known and
thus we used different compositions to compare to the experimental data. For the
reference, the total overall efficiency (not comparable with experimental points),
taking into account X-ray transmission through vacuum window, He atmosphere,
IR-filters and detector absorber, is shown.
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6.3 Analysis example

The transition-edge sensor array was used in the analysis of a fly-ash obtained
from Jyväskylän Energia, and the spectrum is shown in Figure 30. In the TES
spectrum, Ba, Ce, and V are clearly separated, but they severely overlap in the
SDD spectrum. We determined the minimum detection limits for these elements
in this sample. A common definition for minimum detection limit can be written
as

YMDL = 3 ·
√

b f whm, (28)

where b f whm is the background area in the full width at half maximum region [11].
This definition is valid in the situation where the peak height is much higher than
the background level, and the peaks are well separated [58]. If that is not the case
we can write

YMDL = C · FWHMn, (29)

where C is a constant, n = 0.5 for non-overlapping peaks (peaks more than
2 FWHM apart), n = 1.5 for severe overlap of two peaks (peaks less than 1/10
FWHM apart), and n =0.5–1.5 when there is some overlapping [58]. In these mea-
surements, the resolution was 6.6 eV for the TES array and 145 eV for the SDD.
Assuming the same detection geometry and efficiency, we can calculate that the
MDL improves by a factor of 620 (n = 1.4825 for SDD), 400 (n = 1.3947 for SDD),
and 680 (n = 0.5 for TES array) for V, Ba, and Ce, respectively.
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7 CHEMICAL SPECIATION OF TITANIUM
COMPOUNDS WITH PIXE

Different titanium compounds are highly relevant in many fields. For example,
a thin titanium nitride coating can be used to harden and protect surfaces [59].
PIXE has been used for chemical speciation with wavelength-dispersive detectors
for many decades [34], but energy-dispersive detectors capable of good enough
energy resolution to do chemical speciation have not been available until recently
[60, 61]. With high-energy resolution, energy-dispersive detectors it is possible to
see all elements (except for the lightest elements) in the sample and to detect finer
details in X-ray lines. These details can be used for chemical speciation of many
compounds, including some titanium-containing compounds [62, 63].

7.1 Proton measurements

We measured three titanium-containing thin films: 400 nm Ti, 450 nm TiO2, and
500 nm TiN. All films were grown on top of Si wafer. Metallic Ti was deposited
using electron beam evaporation, and the rest with atomic layer deposition (ALD).
For the ALD-grown samples, TiCl4 and H2O were used as precursors for TiO2,
and TiCl4 and NH3 were used as precursors for TiN. The compositions of TiO2

and TiN thin films were verified by time-of-flight elastic-recoil-detection analysis.
In both films, there were C and H at the surface. In the film, the atomic concen-
trations for impurities were below 0.5% for TiO2, and below 2% for TiN sample.
The Ti:O and Ti:N ratios were 1:2.3 and 1:1.3 for TiO2 and TiN, respectively.

In Figure 31 a close-up region of titanium Kα peak is shown. A chemical shift
of (1.1± 0.3) eV was observed for TiO2, but no shift was observed for TiN when
compared to pure Ti sample.
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FIGURE 31 Ti Kα X-ray line of three different titanium thin films measured with a
2.0 MeV proton beam. X-rays were detected using the transition-edge sen-
sor array, and for comparison, a silicon drift detector (SDD) spectrum is
shown in the background. The peak on the high-energy side of the Ti Kα

peak is a multiple ionization X-ray line KL1.

7.2 Heavy ion measurements

Three titanium-containing films on Si substrate, a 50 nm thick Ti layer, a 50 nm
thick TiO2 layer, and a 50 nm thick TiN layer, were measured with seven differ-
ent 12C3+ ion energies from 4.4 MeV to 6.8 MeV, as well as with 4.8 MeV 12C2+,
5.1 MeV 7Li2+, 6.8 MeV 16O3+ and 11.9 MeV 63Cu6+ beams. For the ALD-grown
samples, TiCl4 and H2O were used as precursors for TiO2 (growth temperature
was 350 ◦C), and TiCl4 and NH3 were used as precursors for TiN (growth temper-
ature was 400 ◦C). The compositions of thin films were verified using ToF-ERDA.
All ToF-ERDA measurements were done after the heavy ion PIXE measurements.
In all films, there were C and H impurities in the surface. The compositions in
the films are summarized in Table 3. We could see some impurities in the films,
but the main compositions of the films were as expected.

Measured spectra are shown in Figures 32 and 33. Compared to the proton mea-
surements (see Fig. 31), more multiple ionization X-ray lines are seen and they
have much higher intensity. The Ti Kα peak in the heavy ion spectra is much
wider compared to the proton measurements. With heavy ions, more M-shell
electrons are ionized, creating a distribution of M-shell vacancies and this is the
main contributor for the widening of the peaks [34].
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FIGURE 33 Ti Kα X-ray satellite lines of Ti-metal, TiN and TiO2 samples measured with
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satellite line of the Ti-metal sample. The y-axis shows the numerical value
of peak height for Ti-metal sample.
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TABLE 3 Elemental compositions (in atomic percentages) for the measured thin film
samples. Measurements were performed after PIXE measurements using
time-of-flight elastic-recoil-detection analysis. In each sample there was C and
H contamination on the surface, the composition given here is for the film.

Sample H C N O Ti
Ti 4.1± 0.2 2.8± 0.2 0.07± 0.03 4.0± 0.2 89.0± 0.9

TiN 0.88± 0.09 4.7± 0.2 47.7± 0.7 3.3± 0.2 41.7± 0.5
TiO2 0.48± 0.06 2.36± 0.15 0.10± 0.03 65.3± 0.7 31.2± 0.4

Data was analyzed in a list mode to ensure there was no beam damage affecting
the results. In Figure 34 a) relative peak position of Ti Kα and b) KL0 fraction
is plotted as a function of the measurement real time. It can be noted that some
shifts occur in the energy. The drifts in peak positions happen because of the lim-
itations in drift correction algorithm used. The algorithm (Ref. [64]) is optimized
for narrow X-ray lines, not for complicated and wide X-ray satellite structures,
making it less reliable in this situation. Due to the relatively small statistics, wide
peaks, and peak overlapping, we cannot perform energy correction with high
enough accuracy to reliably give absolute peak positions, like we did in the case
of the proton beam. The KL0 fractions are stable through measurements, with the
except of few data points, but this is due to a fit reaching a little different peak
shape compared to the other fits. For these reasons, we conclude that no beam
damage affecting the results occurred during the measurements.

Relative intensities, KαL0, KαL1, KαL2 and KαL3, for different titanium thin films
(Ti, TiN, TiO2) measured with seven different 12C3+ beam energies: 4.4 MeV,
4.8 MeV, 5.2 MeV, 5.6 MeV, 6.0 MeV, 6.4 MeV and 6.8 MeV are shown in Figure 35,
and the apparent average L-shell ionization fraction is plotted in Figure 36. In a
previous study, a correlation between pL and average valence shell electron den-
sity Dv was found [35]. Our measurements follow this same trend. Calculated
values for Dv are 0.227, 0.456, 0.457, for Ti, TiO2, and TiN, respectively and pL
values of TiN, and TiO2 fall in the same line whereas Ti has higher pL values.
For 11.9 MeV 63Cu6+ and 5.1 MeV 7Li2+ ions the same trend in the pL value was
observed. The values for 63Cu6+ beam were 0.266 ± 0.015, 0.255 ± 0.012, and
0.253± 0.013 for Ti, TiN, and TiO2, respectively. The values for 7Li2+ beam were
0.066± 0.003, 0.062± 0.002 and 0.058± 0.003, for Ti, TiN and TiO2, respectively.

The difference between Ti, and other samples can be seen in pL value, and KαL0

and KαL2 fractions. For chemical speciation, KαL0/KαL2-ratio and pL value are
the most sensitive and can be used to distinguish Ti from TiN, and TiO2. With
proton beam we could differentiate TiO2 from Ti, and TiN and with combination
of proton and 12C3+ beam measurements all three samples can be identified.
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FIGURE 34 a) Relative Ti KαL0 positions and b) Ti KαL0 fractions analyzed in list-mode
for measurements from three different days. List-mode analysis was done
to monitor possible changes in the sample and detector stability during
the measurements. The KαL0 fractions and peak positions for different Ti-
containing samples were measured using 4.4 MeV (small symbols), 4.8 MeV
(average-size symbols), 6.0 MeV (large symbols), and 6.8 MeV (large sym-
bols) 12C3+ beams (same symbols are used in both figures). Lines are linear
fits to the data points of each sample, and the line style describes a mea-
surement from the same day (real time starts from zero for each day). For
the dashed line, first three measurements were performed with a 6.8 MeV
12C3+ beam, and the last two with a 6.0 MeV 12C3+ beam. Uncertainties
for peak positions are between 0.3 and 0.9 eV, and uncertainties for Ti KαL0

fractions are between 0.013 and 0.02. Uncertainties are not displayed in the
plot for clarity.
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strumental resolution, was a constant 6 eV and was fitted using a calibration
measurement carried out with a proton beam. All samples had a thickness
of circa 50 nm and energy losses in the films were roughly 0.15 MeV in all
cases (calculated with SRIM-2013 [65]).
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film was calculated using SRIM-2013 [65], and the average energy of the
incident ion was used to calculate Xn values. We fitted our data points to
Eq. (30), and the fit previously made by Horvat et al. [66] is plotted for
comparison.

7.2.1 Systematics of Ti Kα X-ray satellites

We have studied the systematics of pL values for metallic titanium film using the
Geometrical Model (GM) (Eq. (14)), and fitted the data using equation

pL =
a

1 + (b/Xn)
c . (30)

Measured data, the best fit to our data, and fit obtained by Horvat et al. [66] are
plotted in Fig. 37. Horvat et al. fitted the universal variable Xn for different pL
values and there the emphasis was on the region Xn > 2, and in this work the
emphasis is on region Xn < 2. The Geometrical Model works also in this region,
and difference between the best fit to our data, and fit obtained by Horvat et al.
is small (Fig. 37).



8 SUMMARY AND CONCLUSIONS

A transition-edge sensor measurement system has been developed for quanti-
tative analysis in both inside and outside of the vacuum. It is the first time a
high-energy resolution, energy-dispersive detector has been installed for external
beam PIXE measurements. Using the external beam measurement setup utilizing
the polycapillary lens we were able to expand our lowest detectable X-ray energy
from 1.4 keV to 0.5 keV. This region opens up a possibility to study many inter-
esting K-, L-, and M-lines, and opens up a possibility for chemical speciation of
light elements like fluorine.

We have studied effects of chemical bonding of titanium-containing thin films
using different incident ions. We observed energy shift between TiO2 and Ti us-
ing proton beams, but no energy shift between Ti and TiN was observed. With
heavier ions, 12C, and 63Cu, metallic Ti could be distinguished from TiO2, but no
difference between TiO2 and TiN was observed. However, combining proton and
heavy ion measurements, all three compositions can be identified.

The polycapillary lens was installed to detect low energy X-rays, and we were
able to see X-rays down to O Kα (=0.525 keV). The X-ray intensity gain with the
polycapillary lens was modest, a factor of three at highest. Thus, the main advan-
tage of the polycapillary lens is the detection of low energy X-rays. For energies
higher than 7 keV the polycapillary lens is actually starting to decrease the effi-
ciency and should thus be uninstalled if this is the main region of interest.

I have also developed software for analyzing high-energy resolution data, which
cannot be done with current commercial software such as GUPIX. This develop-
ment has greatly reduced the time needed for analyzing the data produced by
transition-edge sensors, and it can also be used by a person not familiar with the
exact algorithms or working principles of the underlying code.
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Transition-edge sensors in PIXE have been demonstrated to be very useful. The
high-energy resolution, wide-energy range, and high efficiency is a combination
that is sought after in every spectroscopy. All the good properties do not come
without a disadvantage. Compared to the standard silicon drift detector, TES
detectors are not commercially available and thus the number is very limited. The
cost for such detector is much larger, and the operation of the detector requires
much more expertise compared to solid state detectors. The spectrum analysis is
often more complicated due to the details like multiple ionization satellite lines,
that cannot be handled with commercial software.

In terms of other low-temperature detectors, there is some competition. For ex-
ample detector like metallic magnetic calorimeter (MMC) [51] is a promising de-
tector that can compete with TES. These detectors share many similarities and I
see this as a positive competition that will surely benefit also TES.

Wavelength-dispersive X-ray detector (WDX) is another high-resolution detector
commonly used in PIXE. In terms of pure energy-resolution WDX is superior to
TES, and one could argue that by combining SDD to measure the whole spectrum,
and WDX to measure the interesting area, this combination can do the same as
TES or even outperform it. In some instances, this can very well be true, but
not always. The simpler is better, and obtaining all the information from one
spectrum instead of multiple spectra is beneficial. Sometimes you can also miss
some information, if you don’t expect to look for it with WDX. With the TES, you
do not need any prior knowledge of the sample you are measuring. In the science
in general, it is the unexpected that is many times the most interesting finding,
and this is something you can achieve more easily with TES. Taking, for example,
the analysis example in section 6.3, the most interesting finding (from an analyst
point of view at least) was the amount of Ba in the sample, which we could not
see at all from the SDD spectrum. Possibility to see unexpected things like this
makes TES highly relevant for analyzing complicated samples.

In summary, PIXE-TES is a powerful analysis tool. It shines in the analysis of
highly complicated samples, which was demonstrated by measuring samples like
the NIST SRM 611, and fly ash from a power plant. It can also be used in chemical
speciation in the same way like WDX can be, and TES array has high enough
efficiency to do chemical speciation even in thin films.
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Nondestructive analysis (NDA) based on x-ray emission is widely used, for example, in the
semiconductor and concrete industries. Here, we demonstrate significant quantitative and qualitative
improvements in broadband x-ray NDA by combining particle-induced emission with detection based on
superconducting microcalorimeter arrays. We show that the technique offers great promise in the elemental
analysis of thin-film and bulk samples, especially in the difficult cases where tens of different elements with
nearly overlapping emission lines have to be identified down to trace concentrations. We demonstrate the
efficiency and resolving capabilities by spectroscopy of several complex multielement samples in the
energy range 1–10 keV, some of which have a trace amount of impurities not detectable with standard
silicon drift detectors. The ability to distinguish the chemical environment of an element is also
demonstrated by measuring the intensity differences and chemical shifts of the characteristics x-ray
peaks of titanium compounds. In particular, we report measurements of the Kα=Kβ intensity ratio of thin
films of TiN and measurements of Ti Kα satellite peak intensities in various Ti thin-film compounds. We
also assess the detection limits of the technique, comment on detection limits possible in the future, and
discuss possible applications.

DOI: 10.1103/PhysRevApplied.6.024002

I. INTRODUCTION

X-ray emission spectroscopy is a ubiquitous technique to
study the elemental composition of materials. Different
versions of the technique exist, varying either in the type of
excitation used to generate the characteristic x rays or in the
method of detecting them. Typically, high-energy electrons,
ions, or x rays are used for excitation, with detectors
operating in either the energy-dispersive (EDS) or the
wavelength-dispersive (WDS) mode. The choice of the
excitation source depends on many factors, with electron-
beam and x-ray sources being most common. Here, we
focus on ion-beam excitation, or the so-called particle-
induced x-ray emission (PIXE) technique, most often
performed with 2–3-MeV protons, because they give the
best x-ray yield for elements between Z ¼ 20 and 40 [1].
There are several reasons to use particle excitation.

Compared to electron-beam excitation, there are at least
the following advantages: (i) The accelerated particle beam
in PIXE can be taken out of the vacuum to study large or
delicate samples (artifacts, biological samples, etc.), (ii) par-
ticle beams penetrate much deeper into the sample and can
be used to study the subsurface composition, whereas

electron beams give information only from the surface,
and, most importantly, (iii) due to the orders-of-magnitude-
heavier mass of the proton, the background brehmsstrah-
lung, which in many cases limits sensitivity, is much
reduced. Compared to conventional x-ray-induced fluores-
cence, PIXE (i) does not suffer from the presence of
characteristic peaks of the x-ray tube anode material and
(ii) gives more sensitivity for thin samples and elements
Z > 20 due to a lower background in the high-energy
range [2].
In any spectroscopic experiment, the ability to detect

energy differences as small as possible is always sought
after, so that close-lying emission lines in complex samples
can be resolved. In addition, in x-ray emission measure-
ments the energy resolution of the detector often sets the
limit on the impurity levels that can be measured, as the
signal-to-background ratio improves with narrower lines.
The most commonly used detector in PIXE measurements
is the silicon drift detector (SDD), which is energy
dispersive and fairly cheap, offers high count rates, up
to 100 kcps without resolution degradation, and has a wide
dynamic energy range. However, even the optimal energy
resolution of the SDD (typically around 130 eVat 6 keV) is
quite poor and limits the detection of elements with
overlapping excitations and low impurity levels. On the*maasilta@jyu.fi
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other hand, wavelength-dispersive detectors have excellent
energy resolution (around 1 eV at 6 keV) [3], but their
limited energy range and small solid angle limit their use to
experiments where either only a small range in energy is of
interest or where high-excitation beam currents and long
measurement times are possible.
Here, we apply a detector instrument to PIXE that

combines the advantages of the wide energy range, high
efficiency, and simplicity of the energy-dispersive detection
with ultrahigh-energy resolution and high sensitivity, by
using arrays of superconducting transition-edge sensor
(TES) x-ray microcalorimeters operated at 0.1 K [4,5].
Although TES sensors have been used before in materials
analysis, often their applicability in real-life problems is
compromised by their inherently low count-rate capability.
However, we obtain competitive counting rates (approx-
imately kcps) and collecting areas by using large arrays
with hundreds of individual detector elements. This count-
rate capability is combined with a full width at half
maximum (FWHM) energy resolution demonstrated to
be 3 eV at 6 keV in the best cases [6]. Thus, we have a
unique instrument for elemental analysis that combines the
best aspects of traditional EDS and WDS instruments.
Similar TES arrays have recently also been used in tabletop
x-ray absorption spectroscopy experiments [7] and in
synchrotron-based x-ray spectroscopy [8].
In this study, we report the wide energy range, ultrahigh-

resolution PIXE elemental-analysis results on several kinds
of thin-film and bulk samples. In addition to identifying
correctly elements from standard samples containing over
60 different trace elements, we also present several results
on thin-film Ti compounds of Ti, TiO2, and TiN. We
measure the chemical shifts of the positions of the Ti Kα
and Kβ peaks in atomic-layer-deposited TiO2 while col-
lecting data in the full energy range 1–10 keV, determine
the changes in the Kα=Kβ intensity ratios among the
different films with high precision, and observe multiple-
ionization satellite emission of the TiKα transition. We also
study ppm-level impurity contents of several common
Co- and Pb-containing pigment materials, discovering
low-level impurities, unresolvable with the standard SDD
detector, that may be used to fingerprint the material
source. A discussion on possible future detection limits
and applications is also presented.

II. SUPERCONDUCTING DETECTOR
TECHNOLOGY

The maturation of low-temperature detector technology
enables their use in many experiments ranging in frequency
from terahertz bolometry [9] to γ-ray detection [10]. The
detector type used here, a TES microcalorimeter, is an
energy-dispersive detector that is based on the sharp
resistive transition between the normal state and the super-
conducting state of a thin film [11]. When a photon hits an
absorber material that is coupled to the superconducting

thin film, the temperature of the film first quickly rises and
then falls back to the steady state with a time constant τ set
by the heat capacity C and thermal conductance G and the
reduction in Joule heating associated with the increase in
resistance, causing a pulse-shaped change in the resistance
of the device. This resistance change causes a pulse in the
current, which is read out with a superconducting quantum
interference device (SQUID) [11]. SQUIDs are well suited
for reading out TESs thanks to their low noise, low power
dissipation, and low input impedance [12,13]. TES devices
optimized for x-ray detection are relatively slow (effective
time constants around 0.1–1 ms), which limits their count
rate to 100–1000 cps, but they have high-energy resolution
when operated at temperatures around 0.1 K (in the best
cases, below 2 eVat 6 keV [14]). However, with an array of
hundreds of TES detectors, the total count rate can be
beyond kcps [10]. Another advantage of the array format is
that the active detector area, and thus the collection
efficiency, is increased to keep the irradiation times shorter,
so that the possible damage to delicate samples in a PIXE
measurement can be limited. The major motivation for
using TES detectors is their exceptionally good energy
resolution for energy-dispersive detectors. In addition,
within the designed operational energy range of a particular
TES detector, the energy resolution is not degraded as a
function of energy [5], in contrast to SDD detectors, where
it scales as

ffiffiffiffi

E
p

.
The energy-resolution limit is typically dominated

by the unavoidable thermodynamic fluctuations of energy
between the sensor and the heat bath, leading to an
expression for the theoretical FWHM energy resolution
ΔE ¼ 5.6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kBT2C=α
p

, where kB is the Boltzmann constant,
T is the temperature of the sensor, C is its heat capacity, and
α ¼ ðT=RÞ∂R=∂T is the dimensionless parameter describ-
ing the steepness of the superconducting transition [5]. The
above result is valid for sensors with G ∼ T3, in the optimal
case of α ≫ 1, without excess noise sources and in the limit
T ≫ Tbath and β ≪ 1, where Tbath is the temperature of the
refrigerating stage (the sensor temperature is always higher
due to Joule heating), and β ¼ ðI=RÞ∂R=∂I with I the
current. In addition, optimal filtering and a constant pulse
shape are assumed. We see that lowering the operational
temperature is the best way to reduce ΔE. The practical
limits of refrigeration technology (adiabatic demagnetiza-
tion and He dilution refrigeration) often set the lower limit
to around T ∼ 0.1 K. It then seems that, by decreasing C
and increasing α, even lower values could be obtained.
However, these parameters are hard to change, because the
ratio C=α also sets the upper limit in energy where the
sensors can be operated without saturation [15]. Thus, for
x-ray calorimetry up to the 10-keV range, any significant
advances of resolution below 1–2 eV are not straightfor-
ward with TES sensors.
Pioneering work on using single-pixel x-ray TES micro-

calorimeters in electron-beam-induced x-ray spectroscopy
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of materials was performed at NIST Boulder at the turn of
the millennium [16,17], with the result that an electron
microprobe analysis with a small array of TES sensors is
now commercially available, with an energy resolution
below 10 eVat 1.7 keV [18]. In Ref. [17], it is reported that
the single-pixel TES-based electron microprobe spectrom-
eter operating up to 10 keV has a FWHM resolution of
4.5 eV at 5.9 keV, with high efficiency and a maximum
count rate of approximately 1000 cps. In addition, a single-
pixel TES sensor is tested with PIXE, as well [19], but
only with a far-from-optimal energy resolution around
18 eV at 1.7 keV and a count rate of approximately
50 cps. Our instrument achieves almost an order-of-
magnitude improvement in energy resolution, and over
an order of magnitude in count rate, making it a truly
practical PIXE spectrometer.

III. EXPERIMENTS

A. Detector setup

The 160-pixel TES array and the time division multi-
plexed SQUID readout [13] used in the experiments are
fabricated at NIST Boulder. A single TES pixel consists of
an about 300-nm-thick superconducting Mo/Cu bilayer
with a critical temperature TC around 100 mK. The 500-
nm-thick normal-metal Cu strips are deposited on top of the
bilayer to suppress local TC variation at the edges [20] and
to suppress noise [21]. The absorber, coupled directly to the
superconducting film, is a 350 × 350 × 2.5 μm3 bismuth
block. Bi is used because of its advantageous combination
of high x-ray absorption and low heat capacity. A colli-
mator chip with a 320 μm× 305 μm aperture size for each
pixel sits on top of the array chip to prevent x-ray hits
outside the absorber area.
The experiments presented in this paper are performed

with a total of 30–60 pixels, a 65-mK bath temperature, and
a 2.01-MeV proton beam striking the samples in vacuum. A
pulse-tube precooled cryogen-free adiabatic demagnetiza-
tion refrigerator [22] is used to cool the detectors and the
readout, which are located inside a specially designed
extension structure [6] to facilitate close proximity to the
samples (Fig. 1). The sample and the detector vacuums are
separated by an AP3.3 ultrathin polymer/Al silicon grid
x-ray window from Moxtek Inc., allowing efficient x-ray
transmission above 1-keV energies. In addition, to stop
backscattered protons from hitting the detector setup, an
additional 125-μm-thick Be foil is placed in front of the
vacuum window. The extension is positioned at a 90° angle
with respect to the proton-beam axis, and the sample
surface is tilted 45° with respect to it. Thin infrared filters
fabricated in house (280-nm SiN membrane supporting a
225-nm Al film) are used at the three shielding stages
(60 K, 3 K, and 50 mK) of the extension, to reduce
unwanted power loading on the detectors. Further details of
the measurement geometry and the setup can be found in

Ref. [6], where the FWHM energy resolution 3.06 eV
of the best pixel in our setup is also reported. In contrast to
Ref. [6], however, the distance between the detector and
the samples is reduced from 30 to 15 cm, increasing
the collection efficiency by a factor of 4. An Amptek
X-123SDD silicon drift detector is used as a reference
detector, with measurements performed in air.

B. Reference samples and efficiency calibration
of the TES array

To demonstrate the capabilities of TES PIXE, two NIST
standard reference material (SRM) samples with known
compositions, a SRM 1157 stainless-steel sample (Fig. 2)
and a SRM 611 glass sample (Fig. 3), are measured both
with the TES-PIXE setup and with the SDD detector. SRM
1157 has 12 minor elements in addition to Fe: C, Si, P, S,
Mo, V, Cr, Mn, Ni, Cu, W, and Co, with concentrations
ranging from 40 ppm to 6%, whereas SRM 611 has
altogether 61 trace elements in a glass support matrix with
concentrations ranging from 100 to 500 ppm. The glass
matrix has a nominal composition of 72% SiO2, 14%
Na2O, 12%CaO, and 2%Al2O3. The average count rate for
a single TES pixel is 9.3 cps, leading to a total count rate of
about 550 cps for 60 pixels. The SDD count rate is
1400 cps. The measurement times (4 h for TES and
1.13 h for SDD) are chosen such that the total number
of counts is approximately the same. For the TES detector,
the conversion from pulse height to energy is achieved by a
spline interpolation of the known peak energies, for each
pixel separately due to the intrinsic nonlinearity of the TES
detector. In the full energy range of 1–10 keV, the typical
observed pulse height nonlinearity is (25� 0.3)% at
10 keV compared to a line fitted at the lower energy
range. The error gives the variation from cooldown to
cooldown. Before a measurement of an unknown sample,
the energy calibration is always checked with a dedicated
calibration sample, consisting of a thin-film multilayer of
Ge, Cu, Cr, and Ti on a Si substrate. TheKα andKβ lines of
those elements cover the energy range 1–11 keV. The drift

FIG. 1. A schematic of the detector setup. The sample and the
detector vacuums are separated by an x-ray vacuum window, with
an additional Be foil as an ion filter in front of the vacuum
window. Thin SiN/Al infrared filters are used at the three
shielding stages (60 K, 3 K, and 50 mK) of the extension.
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occurring during the measurement is corrected to the first
order [23].
We can see from Figs. 2 and 3 the clear difference in the

energy resolution between the SDD and the TES setup.
Focusing on the steel sample first (Fig. 2), we observe that,
with the TES detector, we can identify all elements in the
sample except carbon (its emission below 1 keV is cut
by filtering in the setup). In particular, low levels of
Co (280 ppm) can be seen, even though its Kα lines are
close to the dominant Fe Kβ line at 7 keV. Moreover,
phosphorus and sulphur lines are also observable above
2 keV, even though the concentrations are low—110 and
40 ppm, respectively. None of those elements (Co, P, and S)
could be identified with the SDD detector. For the more
complex sample SRM 611, some of the dense peaks in the
energy range 4–8 keVoverlap in the SDD data, making the
identification of most elements impossible or extremely
challenging with SDD detectors, particularly the heavier

rare-earth elements (Ce, Nd, Sm, Gd, Tb, and Dy) whose
Lα lines are mixed in with the Kα lines of the lighter
transition metals (Sc, Ti, V, Cr, Mn, Fe, Co, and Ni). In
contrast, with the TES detectors, we identify most of the
elements (38) that emit x rays in the energy range shown,
without any complex peak-fitting analysis. By looking
at the observed good peak-to-background ratios of the
SRM 611 trace-element peaks measured with the TES
detectors, we estimate that roughly over an order-of-
magnitude-lower level impurities at the 10–50-ppm level
could have been detected with the same measurement time.
As a final note on the SRM 611 spectrum and to put it into
perspective, an electron probe analysis with a commercial
liquid-nitrogen-cooled semiconductor detector could not
identify any of the trace elements.
For the highest count-rate peaks (e.g., Fe in Fig. 2), there

is evidence of asymmetric low-energy tailing, which we
know originates from the nonidealities of the Bi absorber.

 1

 10

 100

 1000

 10000

 100000

 1x106

1 2 3 4 5 6 7 8 9 10 11 12

Escape
 peaks

C
ou

nt
s/

bi
n

Energy [keV]

TES
SDD

Cu

Ni

Fe

Co

Mn

CrV

Ar WMo

S

P

Si

FIG. 2. SRM 1157 reference sample measured with both TES (blue line) and SDD (red line) detectors. The bin width for TES is
0.5 eV, and for SDD it is 7 eV. The Ar excitations from air can be seen in the SDD data around 3 keVas well as the Si escape peak from
the Fe x rays at 4.6 keV and from the Cr at 3.7 keV. In the TES data, the Bi escape peaks can be seen just below 4 keV.
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M. R. J. PALOSAARI et al. PHYS. REV. APPLIED 6, 024002 (2016)

024002-4



One possibility is that there are long-lived metastable states
in Bi that can trap a small part of the heat pulse long enough
so that it does not contribute to the measured response.
More work is required to clarify this effect.
To be able to discern quantitative information on samples

with unknown elemental concentrations, an efficiency
calibration of the detector is required. To determine the
detector efficiency, the measured data of the SRM samples
are analyzed using the GUPIXwin program [24], which
calculates the elemental concentrations based on the known
physical parameters of the setup. In the GUPIXwin analysis,
all the external filters are taken into account, but the to-be-
determined detector setup efficiency is temporarily set to 1.
For the SRM 611 sample, the nominal matrix mass
composition (72% SiO2, 14% Na2O, 12% CaO, and 2%
Al2O3) is used in the GUPIXwin analysis, whereas for SRM
1157 sample, the matrix composition (consisting mostly of
iron) is iterated by GUPIXwin. We do not use the standard
fitting procedures of the program; instead, the peak areas
are integrated after the continuous background is removed
by a visual fit. Then, the concentrations (without the
efficiency of the setup) are calculated using the x-ray
yields that GUPIXwin calculates. Finally, the detector setup
efficiency is calculated as the ratio between the measured
concentration without the detector efficiency and the
known reference concentration, for all reference energies.
In the analysis, statistical uncertainties and uncertainties in
the ionization cross sections for K lines (1%–7%) [25] and
L lines (5%) [26] are taken into account. The reference
values for the concentrations and energies of the analyzed
elements are taken from Ref. [27] (preferred average
values, Table 8) for SRM 611 and from the NIST certificate
for the SRM 1157 sample.
Figure 4 shows the measured efficiency data (dots),

compared with the theoretical efficiency curve consisting of

the transmission through the 125-μm Be filter used to stop
the scattered ions, through the AP3.3 vacuum window,
through the 280-nm-thick Si3N4 membrane with a 220-nm
Al coating used as infrared filters at the three stages of the
cryostat, and the absorption of the 2.5-μm Bi absorber
(using Ref. [28]). We see that the experimental values agree
well with the theory and conclude that, within the accuracy
of the measurement and the reference data, the calculated
theoretical curve can be used to represent the efficiency of
the setup. We note that the SRM 1157 points are derived
from elements with high concentrations, leading to low
uncertainties and very good agreement with the theory. In
contrast, some of the SRM 611 points have more scatter.
This is natural, as many of the trace-element concentrations
of that sample are not so accurately known and are
uncertified. In addition, we note that three observed
elements (Al, Cu, and Mn) are excluded from the analysis
because of extra fluorescence coming from the sample
stage and other parts of the apparatus. It should also be
noted that the theoretical efficiency of the vacuum window
never reaches a level higher than 77% below 10-keV
energies. This is due to the fact that a thick silicon grid
with a 77% hole area is under the polymer in the AP3.3
vacuum window.

C. Chemical shifts, intensity ratios, and satellite
peaks in Ti-based samples

Because of the excellent energy resolution of TES
detectors, we expect that even chemical effects, where
the characteristic x rays of a material are dependent on the
chemical environment of a element, can be observed in our
setup. The chemical state of an element (oxidation number
and chemical bonding) influences its electronic transitions
and atomic-energy levels, even those involving the inner
shells of the atoms. Different kinds of effects are observed
that affect x-ray transitions: energy shifts of the character-
istic x-ray lines, the alteration of x-ray relative intensity
ratios and line shapes, and satellite peak formation [29].
Typically, these kinds of shifts can be resolved only with a
wavelength-dispersive and not with an energy-dispersive
detector; see, for example, Ref. [30]. With TES detectors in
the electron-probe analysis setup, evidence for Fe L-shell
transition chemical shifts has been seen before [17].
We measure the x-ray spectra of three different titanium-

based thin-film samples—Ti (400 nm), TiN (500 nm), and
TiO2 (450 nm)—all on Si substrates, with TES PIXE, using
2-MeV proton excitation. The TiN and TiO2 are grown
with atomic-layer deposition, and the Ti film is electron-
beam evaporated. The samples are measured in the order Ti,
TiN, Ti, TiO2, and Ti, so that any possibility of jumps in the
calibration is ruled out by comparing the Ti spectra. Any
possible energy drift of a pixel is corrected on the Si Kα
line, which is common in all of the samples and close
enough in energy to Ti so that the error introduced by the
gain nonlinearity is insignificant. Each sample is measured

FIG. 4. The measured (squares and circles) and simulated
(black line) total efficiency of the TES-PIXE setup. Also plotted
are the absorption of the Bi absorber (red line) and the trans-
missions of the AP3.3 vacuum window (green line), infrared
filters (pink line), and the Be filter (blue line). The efficiency
curve is calibrated using the known reference materials NIST
SRM 611 (squares) and NIST SRM 1157 (circles).
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for 1 h with an average count rate of about 8 cps per pixel.
The energy calibration of the spectra is done on the Ti
sample, using the Kα and Kβ peaks of Si and Ti.
Figure 5 shows the measured Ti Kα and Kβ complexes

from all three samples. A negative chemical shift of 1.1 eV
is seen on the Kα complex of the TiO2 sample compared to
the pure Ti sample. Also, a slightly smaller shift of 1.0 eV
can be seen in the Kβ. No measurable shift can be seen in
the TiN spectrum. The shift is determined by fitting
Gaussians to the peaks and taking the difference between
the peak centroids of the Ti and TiO2 lines. The standard
deviation of the peak position for all the lines is 0.3 eV
(24 pixels in this measurement), which is well below the
observed shift value, giving us confidence on the statistical
significance of the result. Moreover, all the shifts have the
same negative sign, strong evidence against a random
process. In addition, this chemical shift result agrees with
x-ray photoelectron spectroscopy measurements [31] and
wavelength-dispersive spectrometer measurements [32].
Note that, due to the peak-fitting procedure, chemical
shifts much below the FWHM energy resolution of the
instrument are observable. The observed Kβ=Kα intensity
ratios are (12.5� 0.1)% for Ti, (13.1� 0.2)% for TiN, and
(13.3� 0.2)% for TiO2. This trend of an increasingKβ=Kα
ratio is consistent with previous studies of Ti and TiO2 [33–
35], as the Kβ=Kα ratios are shown to depend on the
chemical state of 3d elements [36]. No literature results for
TiN are found. From the above results, we conclude that the
accurate measurement of the Kβ=Kα intensity ratio is a
very useful way to obtain chemical information, as all
studied Ti compounds show different values. This is in
contrast to the shift in the line position, where only TiO2

shows a measurable effect. Moreover, the measurement of
peak ratios is less prone to systematic errors and is not
sensitive to energy calibration issues. Note that, in addition

to sensitivity to different compounds, one can, in principle,
also distinguish between different oxidation states of Ti in
the same compound, i.e., the different oxides (TiO, TiO2,
and Ti2O3).
On the high-energy side of the main peaks (e.g., at

4.535 keV), the spectra show also smaller satellite lines,
typical in PIXE measurements. The Kα satellite intensity
compared to the total Ti emission is (4.9� 0.1)% for Ti,
(5.0� 0.1)% for TiN, and (4.8� 0.1)% for TiO2. This
satellite peak is most likely generated during the ion
bombardment when 1s and 2p vacancies are created
simultaneously (multiple ionization). The 2p vacancy
has a longer lifetime than the 1s vacancy. When the inner
1s vacancy deexcites in the presence of this spectator hole,
there is a change in the electrostatic potential, leading to
shifts in the energy levels and thus changing the energy
of the emitted photon [37]. Although multiple-ionization
Ti Kα satellite peaks have been observed before with ion-
beam excitation [38,39], we are not aware of any previous
measurements on Ti thin-film samples or comparisons
between different chemical compounds of Ti. As seen
from the satellite intensity values, we do not observe any
significant chemical sensitivity with the proton-beam
excitation. However, literature reports suggest that with
heavier projectiles chemical information can be obtained in
some cases from the satellite intensities [40,41].

D. Pigment measurements

Finally, we also present elemental-analysis data from
several pigment samples with unknown impurity content.
Pigment analysis is useful in the context of art history, as
major-element and trace-impurity content in pigments can
pinpoint or rule out certain geographical locations and time
periods [42]. As a first example, we show spectra from a
cobalt blue (CoAl2O4) pigment sample (pellet compressed
from powder), measured using both the TES and SDD
detectors (Fig. 6) and a 2-MeV proton beam. The spectra

FIG. 5. Ti peaks from the three different Ti compounds
normalized for the Kα peak area. The spectra are divided into
two plots for clarity. Top: The Ti Kα1;2, bottom: The Ti Kβ1;3. A
chemical shift for the TiO2 sample is visible.

FIG. 6. PIXE spectra of a Co pigment sample using the SDD
(red line) and TES (blue line) detectors. The bin width for TES is
0.5 eV and for the SDD 7 eV. Cr and Fe trace impurities can be
resolved with the TES detectors.
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are collected with a measurement time of 50 (TES) and
10 min (SDD). Many trace impurities can be identified:
S, K, Ca, Cr, Mn, Fe, Ni, and Zn. Out of those impurities,
Fe and Cr are observable only in the TES spectrum and
cannot be identified from the SDD spectrum. The estimate
for the Fe concentration is 920� 140 ppm and for the
Cr 110� 40 ppm, calculated with the efficiency curve
obtained previously. The TES spectrum shows also weak Si
lines, but they may originate from secondary fluorescence
of the vacuum window and/or IR filters.
Two different lead pigments, red lead (Pb3O4) and lead

white [2PbCO2 · PbðOHÞ2], are also measured in addition
to a reference sample of a bulk piece of industrial-grade
metallic lead sheet (Fig. 7). The measurement time is
50 min for all samples with the TES detectors and below
10 min for the SDD. BothM- and L-shell Pb transitions are
observable at the low and high end of the spectra,
respectively. All three samples have clearly different
compositions of trace impurities, again many of them
identified only with the help of the TES detectors.
Interestingly, all samples have traces of gold in the range
1000–2000 ppm. There are also visible peaks from copper
in all samples, but we determine that most of the Cu
contribution comes from the sample stage, so the possible
sample contributions are unknown. The Pb red pigment is
otherwise surprisingly clean. On the other hand, both the

bulk Pb and the Pb white samples have many additional
common impurities: Ba, Ca, Ti, Fe, and Ni, at concen-
trations 100–9000 ppm. The bulk sample has, in addition,
Cr at the 1600-ppm level. Further studies will reveal if all
Pb white samples contain these impurities or not, and
whether some of them could serve as a fingerprint. Barium
seems especially interesting, as the Pb red sample does not
contain any within the detection limits, whereas the Pb
white contains it at the 8500-ppm level, but the bulk lead
only at the 800-ppm level.

E. Analysis of detection limits

In all the presented spectra, it is clear that PIXE, in
general, is well suited for trace-element analysis due to
its low background level and that TES PIXE has more
sensitivity than standard PIXE using SDD detectors. The
detection limits are ultimately determined by Poisson
statistics of the random count arrival times. Following
Ziebold [17,43], the minimum mass fraction detectability
limit at the 95% confidence level, CMMF, for trace elements
and without peak interference can be estimated from

CMMF ¼ 3.29a=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

τPðP=BÞ
p

; ð1Þ

where a is an element and matrix-dependent unitless
constant of the order of 1 [43], τ is the measurement time,
P is the count rate of the peak in question, and P=B is the
peak-to-background ratio in measurement time τ in a pure
sample. Looking at this formula, it is clear that, for a
constant measurement time, to improve detection limits
one can increase either the peak count rate or the peak-to-
background ratio. Our TES-PIXE setup is extremely well
suited for multiple-trace-element detection, because it
combines a reasonably good count rate (due to the detector
array and high efficiency) with an excellent peak-to-
background ratio due to the high-energy resolution, in a
wide energy range. WDS spectrometers can be competitive
for single-trace-element analysis but simply cannot operate
in a 10-keV energy window in the multiple-trace-element
mode. The WDS spectrometer also has a higher theoretical
upper limit for the count rate, but, because of the lack of
detection efficiency, much higher proton-beam currents
must be used to achieve similar count rates, which can be a
problem for delicate samples.
Using one of the measured lines, we can also try to

estimate the current and future TES-PIXE detection limits
using Eq. (1). Using the Co Kα peak from the Co pigment
spectrum, we estimate P=B ∼ 65 500, P ∼ 44 cps, and
thus, for the used measurement time of 50 min, we get
CMMF ∼ 35 ppm. The measurement is performed with
31 pixels, so in the future, by upgrading to the full array
capability (160 pixels), the estimated detection limit will
decrease by a factor of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

31=160
p

to 15 ppm. A further
improvement can still be obtained by increasing the proton
current and irradiation time, so, for nondelicate samples,

FIG. 7. PIXE spectra of three different Pb samples: bulk Pb
(top), Pb red pigment (middle), and Pb white pigment (bottom),
measured with both the SDD (red line) and TES (blue line)
detectors. The bin width for TES is 0.5 eVand for the SDD 7 eV.
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limits below 1 ppm can be achieved. In addition, the origin
of the background is presently under study, and it may be
reduced in the future, which would lead to a further
reduction in the detection limits. These estimates indicate
that TES PIXE has the capability of becoming the most
sensitive nondestructive analysis technique.
As a final comment on the detection limits, the above

analysis concerns only well-separated peaks. If there is
peak overlap, detection limits improve superlinearly with
the improving energy resolution. Statham [44] introduces
several figures of merit proportional to the analysis speed
for cases where overlap is important. For example, he
estimates that, if a trace-element peak has to be resolved
with overlap from another peak, the analysis speed scales
as P=FWHM3, where FWHM is the full-width-at-half-
maximum energy resolution. Thus, TES PIXE can give a
factor of ð3 eV=130 eVÞ3 ∼ 10−5 smaller detection limits
compared to standard SDD detectors in those kinds
of cases.

IV. CONCLUSIONS

We recently developed a powerful x-ray spectroscopic
materials analysis tool [6], which utilizes an array of
superconducting transition-edge sensors operated at
0.1 K as the detectors, coupled with an ion-beam (proton)
excitation by an accelerator (TES PIXE). Here, we dem-
onstrate the spectroscopic capabilities of the instrument by
measuring several complex samples with many elements.
The TES detectors clearly give a large advantage over the
traditional silicon drift detectors in terms of the capability
to identify and resolve a large number (approximately 50)
of closely spaced characteristic x-ray peaks over a large
energy window (1–10 keV). Much smaller concentrations
of trace impurities can be resolved, and in some cases
chemical effects are observable (here, in the Ti K-shell
transitions). Although high-energy resolution can be
obtained with wavelength-dispersive methods, as well,
they cannot be operated as efficiently and easily over a
broad energy range as what we demonstrate here. The
superior detection efficiency of TES detectors also means
that smaller excitation currents can be used as compared to
wavelength-dispersive detection.
Several physical effects are seen, from both thin-film and

bulk samples. Chemical shifts of the positions of the Ti Kα
and Kβ peaks in atomic-layer-deposited TiO2 thin films are
observable, while collecting data in the full energy range
1–-10 keV. Chemical changes in theKα=Kβ intensity ratios
between thin films of Ti, TiN, and TiO2 are measured. Our
data also give a comparison of Ti Kα multiple-ionization
satellite peak intensities in Ti thin-film compounds. We also
study ppm-level impurity contents of several common
Co- and Pb-containing pigment materials, discovering
low-level impurities, unresolvable with the standard SDD
detector, that may possibly be used to fingerprint the
material source.

V. OUTLOOK

All the measurements discussed here are performed in
vacuum. In PIXE, the excitation beam can be brought to
atmosphere, as well, and our cryogenic setup does allow the
coupling of x rays from air. This means that there are future
prospects of studying specimens that are large or specimens
that might not survive the vacuum. Collection efficiency
will also be improved by operating the full 160-pixel array.
Detector fabrication and readout electronics improvements
in the future will also allow for the operation of even larger
arrays, possibly up to the kilopixel range, with higher per-
pixel count rates.
We also discuss some possible future directions. In terms

of impurity analysis, TES PIXE using large detector arrays
offers an unparalleled combination of efficiency, resolution,
and large energy range, to identify even extremely-low-
impurity contents less than ppm from bulk and thin-film
samples, in a nondestructive way. This is in contrast to
other highly sensitive elemental-analysis methods such as
inductively coupled plasma mass spectrometry, which
can measure lower concentrations but is destructive and
typically starts from a liquid phase (bulk samples), or
secondary ion mass spectrometry, which is also destructive
and can measure thin films directly. Applications for TES
PIXE could include, for example, studies of low-level
dopants or defects in semiconductors, with possibly the
added bonus of chemical information. For example, a weak
phosphorus line at 2.0 keV is easily resolved even next to a
very large Si K peak at 1.84 keV with TES PIXE. Mapping
is also possible in the future by scanning the proton beam.
Another direction would be studies of biological spec-

imens, as PIXE allows samples in air. For example, the
demonstrated chemical sensitivity of Ti lines could be used
to study the Ti oxidation state and the distribution of Ti in
different organisms. This is especially interesting, as Ti
compounds are used as anticancer drugs and because Ti is
widely used as an implant material [45]. Naturally, other
elements could be considered, as well.
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Abstract

We have determined minimum detection limits, MDLs, for elements 14 ≤ Z ≤ 86 using a transition-edge sensor
array, TES array, and as a comparison using an Amptek X-123SDD silicon drift detector, SDD. This was done
using a 3 MeV proton beam and a 5.1 MeV helium beam. MDLs were determined for a thin film sample on top
of C substrate, and for a bulk sample containing mostly Al. Due to the smaller peak-to-background ratio, lower
detection limits were obtainable using the TES array for most of the elements. However, for elements 30 ≤ Z ≤ 45
the performance of the TES array was not as good as the SDD performance. This is due to the limitations of the
TES used at energies > 10 keV. The greatest advantage of TES comes, however, when detecting low intensity
peaks close to high intensity peaks. Such a case was demonstrated by measuring a fly ash with overlapping Ti,
V, Ba, and Ce peaks, where minimum detection limits of V, Ba, and Ce were decreased by factor of 620, 400,
and 680, respectively compared to the SDD.

Keywords: PIXE, TES, Minimum Detection Limit, Helium-induced X-ray Emission

1. Introduction

Particle-induced X-ray emission, PIXE, is a tech-
nique capable of detecting concentrations even in
parts per million level [1]. Studying small concentra-
tion levels is essential in many situations, such as when
studying biological samples, atmospheric aerosols, art
or archaeological objects [1]. There are many fac-
tors limiting the minimum detection limit MDL: the
main elemental composition of the sample, peak-to-
background ratio, detection efficiency, etc. [1]

Transition-edge sensor, TES, having wide-energy
range and great energy resolution has been demon-
strated to be a good tool in X-ray spectroscopy [2, 3].
Energy resolution of 3.09 eV was previously demon-
strated in our setup [4], and even sub eV resolution has
been demonstrated by other authors [5] for detectors

Email address: marko.kayhko@jyu.fi (M. Käyhkö)

operating at lower energies. Good energy resolution
makes it easier to separate X-ray lines close in energy,
such as Ti Kβ (4.9318 keV) and V Kα (4.9522 keV).
This makes the detection of trace elements close to mi-
nor or major elements easier than with the commonly
used silicon drift detectors, SDDs. On the downside,
a single TES pixel is not capable of such high count
rates as SDDs, the non-linear energy response adds
complexity and each pixel in a TES array detector
has its unique behavior.

2. Experimental methods

The measurement setup consists of array of 160
TES pixels detailed in Refs. [4, 3]. Pixels are read
with a time division multiplexed SQUID read-out [6].
The measurement chamber with the TES array, silicon
drift detector, and sample holder as the main compo-
nents is illustrated in Fig. 1. In all measurements,
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Sample,
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IR filters
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Figure 1: A schematic view of the measurement chamber. The
sample is at 40 degree angle with respect to the beam and tilted
15 degree relative to the 2D measurement plane. Transition-
edge sensor array, TES, is at 90 degree angle with respect to
the beam and the detector chip is 203 mm away from the sam-
ple. Silicon drift detector, SDD, is at 45 degree angle compared
to the beam and the detector crystal is 199 mm away from
the sample. Be filters are used in front of both detectors with
100 µm and 125 µm thicknesses for SDD, and TES, respec-
tively. Between the sample and TES, there is also 3 infrared
filters with 225 nm thick Al on 280 nm thick SiN on each, and
AP3.3 vacuum window from Moxtek. Silicon drift detector has
12.5 µm thick Be window.

the refrigerator was cooled down to 65 mK with the
TES array operated at 100 mK. In the analysis, 98–
102 pixels were used, while 120 pixels were read. The
pixels that were rejected either had some problems
with the line shape, SQUID locking or the pixels did
not produce any pulses.

All measurements were done with the 1.7 MV Pel-
letron accelerator at the University of Jyväskylä. The
proton beam was produced using the Pelletron light
ion source PELLIS [7], and a 3.01 MeV 1H+ beam
was used in all proton measurements. The He-beam
was produced with Alphatross, and a 5.11 MeV 4He2+

beam was used in all He measurements. The beam was
focused to the sample using two quadrupoles after the
accelerator, and using a collimator with a 2 mm di-
ameter located before the sample holder. A sample
consisting of thin films of Ti, Cr, Cu, and Ge on a
Si wafer was measured in the beginning of every mea-
surement day to obtain an energy calibration for the
TES array. The details of the measurements are given
in Fig. 1 and in Table 1. The target current was not
measured, and the accumulated charge was estimated
using known reference materials, solid angles, detector
efficiencies and X-ray yields. The estimated charges
are shown in Table 1.

Table 1: Details of the performed measurements done using
3.01 MeV proton beam and 5.1 MeV He beam. The Au sample
is a thin gold foil on carbon substrate manufactured by Insti-
tute for Reference Materials and Measurements, IRMM, and
the certificated Au thickness was (52.5 ± 2.1) µg/cm2. The Al
sample is manufactured by NIST, and its standard reference
material number is SRM 1255b.

Sample Au, H Al, H Au, He Al, He
Time, min 60 54 83 103

Cnts/pixel/s 2.97 5.62 0.46 4.16
Good pixels 100 102 98 101
Beam Q/µC 84(4) 40.8(11) 20.5(10) 35.5(10)

3. Analysis methods

3.1. Pulse-processing

All measured pulse shapes for the TES were saved
and analyzed later offline. For the pulse processing,
home made software was used with optimal filtering
algorithm that is orthogonal to constants as described
in [8]. After optimal filtering, energy calibration for
each pixel was obtained using a known calibration
sample containing Si, Ti, Cr, Cu, and Ge. The en-
ergy calibration is done after every cooling cycle. Due
to the complex nature of the superconducting transi-
tion, a cubic spline function is fitted for every pixel.
This provides a good energy calibration for the fit re-
gion, but does not extrapolate very well outside the
fit region, however.

Due to small drifts in the baselines, a drift correc-
tion was used. This is mainly caused by the slight
drift (10 µK) in the bath temperature of the refrig-
erator during long measurements. Here, a new algo-
rithm was used for correcting the baseline drift caused
by the drift in the temperature. Traditionally this is
determined as

phdc = ph[1 + α(Bj −B0)], (1)

where ph is the estimated pulse height, phdc is the
corrected pulse height, B0 is the baseline level in the
beginning of the measurement, Bj is the baseline level
for the current pulse, and α is a calibration constant
for each pixel [9]. The problem we have had with
this approach is that when working in a wide energy-
range, the correction has not been satisfactory. The
new algorithm is based on the energy calibration of the
detector. Let’s define a energy calibration function
cal so that E = cal(ph), where E is the energy of
the photon hitting the detector. The drift corrected
energy is calculated as

Edc = cal (ph+ α ·∆)− cal (α ·∆) , (2)
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where ∆ = Bj − B0, and α is a constant calibrated
separately for each pixel. When the baseline changes
by ∆, then in the energy calibration curve we move
from the point ∆ to ph + ∆ , instead of just moving
from 0 to ph. When thinking about this curve in its
physical meaning, the pulse height is related to the
temperature of the detector. Since a pulse with height
∆ and the constant drift of ∆ in the base level do not
have the same thermal response, a correction term α
is used. In practice, it is often found that the energy
calibration curve using standard cubic spline fitting
can behave badly close to the zero energy. Thus, two
calibration curves are used, one with a cubic spline
fitting for higher energies (term cal (ph+ α ·∆), and
another, 2nd order polynomial fit for lower energies
(term cal (α ·∆)).

Pile-up pulses and other bad pulses are rejected
from the analysis. Due to this, a dead time correc-
tion is needed in quantitative analysis. The dead time
correction is defined by the number of accepted events
divided by the number of photons arrived at the detec-
tor χ = Ngood/Nph. The number of photons arrived at
the detector can be approximated with the equation

Nph ≈
Nev

1− τ · Nev/T , (3)

where Nph is the actual number of photons arrived at
the detector, Nev is the number of events (some with
pile-up) in the saved data, τ is the recorded pulse
length (16.384 ms in all measurements), and T is the
measurement time as shown in Table 1. The obtained
corrections for the proton beam measurements were
0.820 for the thin film sample, and 0.827 for the bulk
sample. The corrections for helium beam measure-
ments were 0.949 for the thin film sample, and 0.848
for the bulk sample.

3.2. Minimum detection limit calculations

We use the common definition for minimum detec-
tion limit yield YMDL

YMDL = 3
√
Bgfwhm, (4)

where Bgfwhm is the background area in the full width
at half maximum region [1]. This definition is valid in
the situation where the peak height is much higher
than the background level and the peaks are well sep-
arated [10]. The X-ray yield for a thin target can be
written as

YMDL = Yit (Z) ·ma,MDL · γ (Z) , (5)

where ma,MDL is the concentration (in g/cm2), Yit (Z)
is theoretical yield in unit 1/str·Cg/cm2 containing cross
sections and known physical constants, and γ is the ex-
perimental yield (in unit C · str) calibrated using stan-
dards, containing experimental parameters like solid
angle, filter transmission, and detector efficiency [1].
Now we can write

ma,MDL =
3
√
Bgfwhm

Yit (Z,E0) γ (Z)
. (6)

The same equation holds for a thick target speci-
men, with the exception that the theoretical yield is
in unit 1/str·C·ppm [1].

The extraction of peak areas for the TES spectra
were done using fityk version 1.3.0 [11]. The peaks
were fitted using Voigt profiles. The X-ray back-
ground was fitted using a self-made computer code,
the X-ray yields were calculated using GUPIXwin ver-
sion 2.2.4 [12] and SDD spectra were analyzed using
GUPIXwin, except for the background determination
which was fitted using the self-made code.

3.2.1. TES area corrections

K shell

Kα transition is split into two lines: Kα1, and Kα2

and the ratio is circa 100/50 [13]. In minimum detec-
tion calculations it is thus always beneficial to include
both of these lines in the calculation. When one in-
cludes Kα2 in the calculation, the increase in area is
50%, and the increase in required area for the detec-
tion limit (due to the increased background area) of
an element increases in the worst case by

√
2 ≈ 41 %.

The width of the analysis area is then defined as

W = FWHM+min (∆EKα1−Kα2, FWHM) ,(7)

where FWHM is the full width at half maximum, and
∆EKα1−Kα2 is the energy difference of the Kα1, and
Kα2 lines. In other words this means the energy re-
gion spans from EKα2−HWHM to EKα1+HWHM ,
when ∆EKα1−Kα2 < FWHM , where HWHM is the
half width at half maximum. When ∆EKα1−Kα2 >
FWHM , we analyze the FWHM region around both
Kα1, and Kα2 peaks. Since the integration area for
different elements is now different relative to the full
intensities, we use a correction term A. The correc-
tion term is defined so that completely separated Kα1,
and Kα2 peaks have A = 1. Assuming Gaussian line
shapes we get

A =

[
erf

(√
ln 2
)

+ erf
(

∆
′
+
√

2 ln 2√
2

)]

2 · erf
(√

ln 2
) , (8)
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when ∆
′

=
(EKα1

−EKα2)
σ < 2

√
2 ln 2. When we

have ∆
′

=
(EKα1

−EKα2)
σ > 2

√
2 ln 2 we obtain

A = 1+

[
erf

(
∆

′
+
√

2 ln 2√
2

)
+ erf

(
−∆

′
+
√

2 ln 2√
2

)]

2 · erf
(√

ln 2
) .(9)

L shell

Lα is split into two lines: Lα1, and Lα2 and the
ratio is circa 100/11 [13]. Thus in minimum detection
calculations we want to use only the Lα1 line. But
since for lighter elements these lines overlap, we will
include an area correction term like we did for the K
shell. The case where Lα1, and Lα2 are completely
separated has a correction A = 1. The obtained cor-
rection is now

A =
erf

(√
ln 2
)

+ 1
18 [erf (H3 (δ))− erf (H2 (δ))]

erf
(√

ln 2
) ,

where H3 =
√

2 ln 2+δ√
2

, and H2 = −
√

2 ln 2+δ√
2

, and δ =

(ELα1−ELα2)·2
√

2 ln 2
FWHM .

3.2.2. Multiple ionization corrections

For a 5.1 MeV He beam, the multiple ionization
[14, 15] becomes a notable effect and requires cor-
rections for the TES analysis. Since the majority of
the observed x-rays are from single ionization transi-
tions, the used correction term is the KL0 fraction,
i.e. the fraction of photons from single ionization.
This was determined for the calibration sample, and
it was 0.55(2), 0.76(8), 0.81(3), 0.83(3), for Si, Ti,
Cr, and Cu, respectively. For this data, we fitted a
phenomenological function f (Z) for the KL0 fraction
obtaining

f (Z) = 1− a0 · Z−a1 (10)

with a0 = 21.033 and a1 = 1.453566.
The multiple ionization correction for the L-shell

could not be estimated due to the lack of Lα transi-
tions in the measured spectra. The multiple ionization
of Lα has been studied little [16], and we could not
find previous studies that would have given the answer
for this.

3.2.3. Full widths at half maximum

In the contex of minimum detection limit determi-
nation, with full width at half maximum (FWHM) we
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Figure 2: Fitted Si Kα and Cr Kα peaks with fitted FWHMs
being (6.36 ± 0.03) eV, and (6.90 ± 0.06) eV, respectively. For
the Si Kα complex, two Voigt profiles were used (α1, and α2)
and for the Cr Kα complex seven Voigt profiles were used: 5
for α1 and 2 for α2 [18]. Both spectra were measured using a
3.01 MeV proton beam.

mean the convolution of instrumental FWHM, nat-
ural line widths [17], and X-ray fine structure (α1,
and α2). The instrumental resolution was determined
from the proton measurements for Si Kα, Al Kα , and
Cr Kα. Si, and Al peaks were fitted with two Voigt
profiles (Kα1 and Kα2), whereas Cr Kα complex was
fitted with 7 peaks (5 Kα1 and 2 Kα2 peaks) [18].
The obtained instrumental energy resolutions were:
(6.59± 0.09) eV (Si Kα), (6.90± 0.06) eV (Cr Kα) in
the first measurement day, and (6.45± 0.07) eV (Al
Kα), (6.36± 0.03) eV (Si Kα) in the second measure-
ment day. In the analysis, we used the average value
6.6 eV for the instrumental resolution. An example of
fitted Si Kα, and Cr Kα peaks is shown in Fig. 2.

For SDD the FWHM was estimated by GUPIXwin,
where it was fitted using the equation FWHM =
2.355/A2

√
A4 +A5 · E, where A2 = 143.674 1/keV,

A4 = 33.1219, and A5 = 9.6594 1/keV are calibration
constants.

4. Results and Discussion

The minimum detection limits for both samples are
plotted in Figs. 3, and 4. The shape of the minimum
detection limit curve is mainly influenced by the x-
ray yield and the shape of the background. Both x-
ray yield and background decrease with increasing Z.
At first the nearly exponential background decrease
(see Fig. 5) dominates and improves the minimum
detection limits until at some point the background
is near zero and x-ray yield starts to dominate and
worsens the detection limits. Thus two ”U-shapes”
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are formed, one for the K-shell and the another for
the L-shell.

A comparison of proton and helium backgrounds for
SRM 1255b sample (bulk Al) is show in Fig. 5. The
background from the helium measurement is lower
than for the proton beam, which allows lower detec-
tion limits with He beam in some cases.

We measured trace elements in a fly ash sample with
50:50 ratio of bio and peat fuel. The full spectrum is
shown in Fig. 6 and zoomed in 4.2–5.7 keV region is
shown in Fig. 7. The overlapping of Ti K lines, V K
lines, Ba L lines, and Ce L lines is evident in Fig. 7.
In the case of overlapping peaks, the equation (4) does
not hold [10]. We follow the definitions in [10]: If peak
separation, sep, > 2 FWHM peaks are separated, if
sep < FWHM/10 the overlap is severe, otherwise there
is some overlap. For the α1 peaks of the previously
mentioned elements, this means that for Ti, V, and Ba
there is no overlap, and for Ce there is some overlap
in the TES spectrum. For SDD, there is some overlap
for Ti, V, Ba and severe overlap for Ce. The MDL in
these situations can be written as

MDL = cons · FWHMn, (11)

where n = 0.5 for non overlapping peaks, n = 1.5
for severe overlap of two peaks, and n =0.5–1.5 when
there is some overlapping [10]. This equation assumes
that the peak areas are roughly the same, and that the
background level is high relative to the peaks. Using
resolutions of 6.6 eV for the TES and 145 eV for the
SDD, and assuming the same detection geometry and
efficiency, we can calculate that the MDL improves
by a factor of 620 (n = 1.4825 for SDD), 400 (n =
1.3947 for SDD), and 680 (n = 0.5 for TES) for V,
Ba, and Ce, respectively. The n values for peaks with
some overlap were approximated linearly using values
n = 0.5 at sep = 2 · FWHM , and n = 1.5 at sep =
0.1 · FWHM .

5. Conclusions

We have observed improvements in the detection
limits for the TES array compared to the SDD detec-
tor for the most elements in the case of well separated
peaks. Elements 30 ≤ Z ≤ 45 are the hardest to de-
tect because of the limitations in detection efficiency
for high energy X-rays with our type of TES and high
absorption for low energy X-rays in the current setup.
When comparing the helium and the proton beam, the
helium beam is better for thin film samples whereas
the proton beam is better for bulk samples due to the
deeper penetration depth.
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Figure 3: Minimum detection limits for elements Z ≥ 14 using
Kα and Lα peaks in the analysis (both shown for SDD) for
elements in matrix made mostly of Al (SRM 1255b). The odd
behaviour in MDL for TES at Z = 38 is due to the Bi M-
shell absorption edge (Bi is the absorber material in the TES
detector) . At the peak positions (Z ≈ 40), the L-shell detection
limits start to be lower than the K-shell detection limits.

The advantage of TES becomes clear when detect-
ing overlapping peaks of trace and minor elements.
In this case, the minimum detection limit scales as
FWHMn, where 0 ≤ n ≤ 1.5 for two identical peaks.
Such an example is the measured fly ash sample with
overlapping Ti, V, Ba, and Ce peaks at around 5 keV
energy. In this case, there was an overlap of Ti, V, Ba,
and Ce lines. An improvement in the detection limit
of 620, 400, and 680 was calculated for V, Ba, and Ce,
respectively for the measured fly ash. In this analysis,
however, there were slightly different experimental pa-
rameter for the detectors: different detection angles,
different X-ray filters (ion filter in Fig. 1), and dif-
ferent vacuum windows. These effects were not taken
into account in the normalization. Also the different
detection angles lead to slightly different secondary
electron Bremsstrahlung background, which also af-
fects the detection limits.
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Heavy ion induced Ti X-ray satellite structure for Ti, TiN, and TiO2 thin films

Abstract

X-ray emission spectra of three different titanium-containing thin films, Ti, TiO2, and TiN, were measured using
5.1 MeV 7Li2+, 4.4–6.8 MeV 12C3+, 6.8 MeV 16O3+ and 11.9 MeV 63Cu6+ beams as excitation. The energy spectra
were collected using a high energy resolution transition-edge sensor array. In all measurements, the average L-shell
vacancy fraction was higher for the metallic Ti than for the other samples, whereas the difference between TiN and
TiO2 was negligible. The universal variable Xn of the geometrical model was used to study the systematics of the
average L-shell vacancy fraction at the time of Kα emission. Our experiments expands previously studied Xn values,
and a fairly good agreement with previous studies was found.

1. Introduction

Particle-induced X-ray emission (PIXE) is a routine ion beam analysis (IBA) technique for quantitative elemental
analysis [1]. In addition, PIXE has been demonstrated to be useful for chemical speciation already in the 1970s using
high energy resolution wavelength-dispersive detectors which operate in a narrow energy-region [2, 3, 4, 5].

The chemical sensitivity of PIXE can emerge either from energy shifts of the X-rays [2, 3], from the relative
intensity changes of different diagram lines [6] (lines caused by a single electron vacancy), or from the relative intensity
changes of X-ray satellite lines [4] (lines with two or more electron vacancies). In the first case, the shift is typically
0.1–1 eV [7]. In the second case, the ratio of, for example, Kα and Kβ transitions is monitored. This ratio has been
reported to differ up to 10 % between different compounds [6]. In the last case, heavy ions with greater energy loss
(He or heavier) are used to achieve multiple ionization of the target atoms. In multiple ionization, along with the
inner-shell electron, also outer-shell electrons can be excited to vacuum level. Depending on how many outer-shell
electrons are excited, the energy of the emitted photon is changed, and instead of a single peak, multiple peaks appear
in the energy spectrum. These can be resolved if the energy-resolution of the detector is sufficient. The rearrangement
of the outer-shell electrons that happen prior to the X-ray emission is also affected by the chemical environment of
the atom, either because the electrons are directly involved in bonds or because of interatomic electron transitions
[4]. These rearrangements can cause significant changes in relative intensities between different satellite lines, making
the technique sensitive to the chemical environment.

Previously several studies, e.g. [4, 8, 9, 10, 11, 12, 13], have reported the effect of different chemical environments
on Kα X-ray satellite structures. Most of these studies have focused on the 3rd-row elements (a total of 15 was
calculated in a review by Raman [14]), but a few studies has been carried out on the 4th-row elements, like V [10], Cr
[15] and Mn [16]. Some studies of Kα X-ray satellite structures have been made for elemental metals, like Ti [17, 18].

In this work, we have used energy-dispersive superconducting transition-edge sensor (TES) array to study Ti Kα
X-ray satellite structures of three titanium-containing thin films by heavy ion bombardment. Titanium compounds
have been measured earlier with a proton beam [19, 20, 21], but no studies for these compounds using heavy ions
exist. We report Ti Kα X-ray satellite line intensities for 50 nm thick TiN, TiO2, and Ti thin films, as well as energy
shifts of these lines for four different incident ions, 5.1 MeV 7Li2+, 4.4–6.8 MeV 12C3+, 6.8 MeV 16O3+ and 11.9 MeV
63Cu6+.

2. Experimental methods

The TES array at the University of Jyväskylä consists of 160 individual pixels with time-division multiplexed
SQUID read-out. The TES array was at 90-degree angle relative to the beam direction and the sample surface normal
was at 40-degree angle with respect to the beam direction and tilted 15 degrees relative to the horizontal plane. The
used detector system is described in more detail in references [21, 22].
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During the measurements, the TES array was cooled down to approximately 100 mK and circa 100 pixels were
used in the analysis. Between the detector and the sample, there was a 125µm thick Be foil, an AP3.3 vacuum
window from MOXTEK Inc., and three in-house fabricated infrared-filters with a 225 nm thick Al layer on top of a
280 nm thick silicon nitride film on each.

The measurements were performed with the 1.7 MV Pelletron accelerator at the University of Jyväskylä. Before
each measurement, an energy calibration sample containing Si, Ti, Cr, Cu, and Ge was measured using a 3.0 MeV
proton beam. The beam spot size in the measurements was circa 30 mm2. All measurements were performed under
approximately 10−6 mbar pressure, and the samples were grounded to avoid charging.

The thin film samples were grown on top of a silicon wafer. The TiN and TiO2 thin films were deposited using
atomic layer deposition (ALD), and the Ti film was deposited using electron-beam evaporation. All the films had a
thickness of circa 50 nm. The film compositions were verified by time-of-flight elastic recoil detection analysis [23].

All the samples were measured with 11 different ion beams: 5.1 MeV 7Li2+, 6.8 MeV 16O3+, 11.9 MeV 63Cu6+,
4.4 MeV 12C2+, 4.8 MeV 12C2+4.8 MeV 12C3+, 5.2 MeV 12C3+, 5.6 MeV 12C3+, 6.0 MeV 12C3+, 6.4 MeV 12C3+ and
6.8 MeV 12C3+. The measurement time per sample varied from 1 hour to 3 hours. The count rate was 8–10 Hz/pixel
during most measurements, except for the 11.9 MeV 63Cu6+ beam, where the count rate was smaller because smaller
beam current available at the time. The target current was estimated using either measured or predicted cross-sections
[25, 24, 26]. The average current in the target was calculated to be 2–40 particle · nA in each measurement, and the
total accumulated charge was estimated to be between 10 and 500µC. The beam current and beam fluence was
selected to have good statistics in collected spectra and due to large variation in X-ray production cross sections
between different ion/energy combinations, variations in the used ion beam currents between different measurements
were high.

The measured pulse shapes were saved and analyzed. For the pulse-processing, an analysis code was used with
optimal filtering orthogonal to constants described in Ref. [27]. The extraction of peak areas and positions were done
using Fityk version 1.3.0 [28]. Multiple ionization satellite lines were fitted using the Voigt profile. The Gaussian
component width is assumed to be mainly a detector feature, and the Lorentzian component width is assumed to
originate from the natural linewidth [18]. In the fit, the Gaussian width and exponential tail parameters (detector
features [29]) were fixed. The width of the Lorentzian component, the peak position, and the peak area were free
parameters. The Gaussian width (6 eV) and exponential tail parameter values were determined from Ti Kα peak
measured using a 3.0 MeV proton beam prior to each heavy ion measurement. The fit included two peaks (Ti Kα1,
Ti Kα2) with fixed intensity ratio and positions.

An example of measured X-ray emission spectra from Ti film on Si substrate excited with three different ion
beams is shown in Fig. 1. Satellite peaks are clearly seen at energies above the diagram lines (Si Kα, Si Kβ, Ti Kα,
and Ti Kβ).

3. Analysis methods

When studying intensity distributions, a useful parameter is the apparent average L vacancy fraction pL at the
time of Kα X-ray emission (for KαL transitions)

pL =
1

N

∑

n

nfn, (1)

where N is the number of L-shell electrons in the ground state (8 for Ti) and fn the fractional intensity of the nth
satellite line [4]. The average L vacancy fraction increases rapidly with an increasing incident ion atomic number and
reaches the maximum around Z1 ≈ Z2, where Z1 is the atomic number or effective charge of the incident ion and Z2

the atomic number of the target atom [14].
Theoretical model known as the geometrical model (GM) was developed to study the systematics of the pL [30].

The model predicts that the number of spectator vacancies at shell n (n = 1 (K) , 2 (L) , 3 (M) , ...) is a function of the
universal variable Xn

Xn =
4V
√
G (V )Z1

nv1
, (2)

where v1 is the velocity of the incident ion, v2 is average velocity of electron in n shell, V = v1/v2, Z1 the atomic
number or effective charge of the incident ion, and G (V ) is the binary encounter approximation (BEA) scaling
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function in equation [31]

σ =
NZ2

1σ0
U2

G (V ) , (3)

where σ is the ionization cross-section, N = 8 for L-shell, σ0 = πe4 is a constant, and U is the electron binding
energy. The universal variable can be interpreted as the measure of the perturbation strength that characterizes the
collision. The universal variable has been fitted to equation

pL =
a

1 + (b/Xn)
c (4)

by Horvat et al. [18] with parameters a = 0.537± 0.006, b = 2.11± 0.08, and c = 2.02± 0.03. In this work we take the
same approach as in Ref. [18]: Z1 is the incident ion atomic number, v2 is calculated from L3 shell binding energy
(455 eV) [32], and G (V ) is calculated using Eq. (6) from Reference [31].

GM can be used to explain the effect of the incident ion, and the incident ion energy, but not the effect of chemical
environment. To study chemical environment, the average total valence-electron density DV of a compound is a
parameter that has been shown to correlate with pL values. It can be calculated as [4]

DV = 0.602
nvρ

µmol
, (5)

where nv is the total number of valence electrons, ρ the mass density and µmol the molecular weight.
One approach to explain the shape of the ionization structure is to use the binomial distribution [14]. We define

that the ionization probability for the 2s electrons is P2s and the ionization probability for the 2p electrons is P2p.
Now the probability to ionize n1 electrons from the 2s-orbital and n2 electrons from the 2p-orbital is then

f = f (n1, n2) =(
2

n1

)
· Pn1

2s (1− P2s)
2−n1 ·

(
6

n2

)
· Pn2

2p (1− P2p)
6−n2 .

(6)

The probability to ionize a total of n electrons is

fn =
∑

n1+n2=n

fn1n2 . (7)

It should be noted that this model does not take into account the rearrangement process prior to X-ray emission or
the varying fluorescence yield for differently ionized L-shell [14]. Furthermore, if we assume P2s = P2p, then P2s = pL.
This assumption is made for simplicity and for the fact that pL is a parameter that can be measured experimentally
and therefore it is straightforward to compare the model to the experiment.

We expand the model to take into account L-hole filling prior to X-ray emission using the probability of a single
hole filling Pf and the number of available outer shell electrons χ. The probability to have n holes at the time of
X-ray emission is

f∗n = fn + fgain − flost, (8)

where

fgain =

8∑

j=n+1

fj ·
(

χ

j − n

)
· P j−nf · (1− Pf )

χ−j+n
, (9)

and

flost = fn

n∑

k=1

(
χ

k

)
P kf (1− Pf )

χ−k
. (10)

Here fgain is the probability to end with n vacancies when more than n vacancies were generated in the impact, and
flost is the probability to end up with less than n vacancies when n vacancies were generated during the impact.
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4. Results

The measured X-ray spectra of Ti, TiN and TiO2 thin films around Ti Kα and Ti Kβ (for the 7Li2+ beam) are
shown in Figures 2–3 and an example of a fitted spectrum is given in Fig. 4. All samples were measured with seven
different 12C3+ ion energies, as well as with a 4.8 MeV 12C2+ beam, a 5.1 MeV 7Li2+ beam, a 6.8 MeV 16O3+ beam
and a 11.9 MeV 63Cu6+ beam.

To study the possible beam induced damage to the samples and detector energy stability, data was analyzed in
a list mode. In Figure 5 a) the relative peak position of Ti KαL0 line and in Figure 5 b) the KαL0 fractions are
plotted as a function of real time. It can be noted that some shifts occur in the energy during the measurements,
but the KαL0 fractions are stable through out the measurements, with the exception of few data points due to fit
reaching a different kind of Voigtian shape compared to the other fits. It is known that the TES gain drifts during the
measurements, and it can be corrected [33]. The used drift correction algorithm ([34]) is designed for narrow X-ray
lines, not for complicated and wide X-ray satellite structures, and thus it is unable to correct the systematic error in
gain. For this reason, the observed peak position shifts are believed to be caused by the natural TES gain drift. For
these reasons, we conclude that no actual changes in the chemical environment that would hinder our experiments
happened during the experiments. Due to higher uncertainty in the absolute energy of Ti KαL0 lines, we have only
reported the peak positions relative to the KαL0 peak.

5. Discussion

The average L-shell ionization probability pL at the time of Kα X-ray emission for the 12C2+/3+ beam measure-
ments is plotted in Figure 6. It has been observed [4] that the average valence shell electron density Dv follows pL.
Calculated values for Dv are 0.227, 0.457, and 0.456, for Ti, TiN and TiO2, respectively. The same is seen in Figure
6, as well. Both TiO2 and TiN have nearly identical Dv and pL values, whereas Ti has clearly different values of Dv

and pL. The changes in pL between different Ti-containing samples are modest in single measurements, but with
multiple measurements with varying 12C3+ ion energy the difference between Ti, and TiN/TiO2 becomes clear.

For 63Cu6+ and 7Li2+ ions, the same correlation in the pL values was observed. The values using the 63Cu6+
beam were 0.266± 0.015, 0.255± 0.012, 0.253± 0.013, for Ti, TiN and TiO2, respectively. The pL values from the
7Li2+ beam were 0.066± 0.003, 0.062± 0.002 and 0.058± 0.003, for Ti, TiN and TiO2, respectively. The analyzed
multiple ionization fractions are plotted in Figure 7 for the 63Cu6+ beam and in Figure 8 for the 7Li2+ beam.

We have studied the systematics of pL values for the metallic titanium film using the geometrical model (GM)
(Eq. (2)), and fitted the data using Eq. (4). Measured data, the best fit for our data, and fit obtained in Ref. [18] are
plotted in Fig. 9. Horvat et al. [18] fitted the universal variable Xn for different pL values and there the emphasis
was on the region Xn > 2, whereas in this work the emphasis is on the region Xn < 2. The geometrical model works
also in this region, and the difference between the best fit to our data, and fit obtained by Horvat et al. is fairly small
(Fig. 9).

The different X-ray satellite line fractions for 12C2+/3+ beam measurements are plotted in Figure 10. When the
energy (and the universal variable Xn) increases from 4.4 MeV to 6.8 MeV, the KαL2 and KαL3 fractions increase,
the KαL1 fraction stays constant and the KαL0 fraction decreases. For the different Ti-containing samples KαL1, and
KαL3 fraction are very similar, whereas the biggest difference is seen in KαL0, and KαL2 fractions. For the purpose
of chemical speciation, the Kα L0/KαL2-ratio, and pL would be the most sensitive parameters to differentiate Ti
from TiN and TiO2. The fitted slope of the KαL0/KαL2-ratio is different for TiN and TiO2, indicating that their
separation would become larger at higher beam energies.

To further analyze the distribution we have fitted a binomial distribution as defined in equation (8) to the
measured X-ray satellite intensity distribution. Binomial distribution has been used before to fit S Kα structure [14],
for example, but it did not agree well with previous measurements because L-shell vacancy filling was not taken into
account, and fluorescence yield was assumed to be constant for an atom with different amount of L-shell vacancies. We
have expanded the model [14] to include the L-shell vacancy filling. For simplicity and due to the lack of experimental
data the fluorescence yield is assumed to not depend on the number of L-shell vacancies. Equation (8) was fitted to
the 6.8 MeV 12C3+ Kα X-ray satellite structure, with the results shown in Figure 11. Even with the improved model,
the fit is not satisfactory. The best fit was achieved when the variable Pf (probability for L-shell vacancy filling prior
to X-ray emission) was zero. Because the addition of L-shell filling did not improve our model, we would need a more
advanced model to fit the distribution better. In a case of fluorine compounds, molecular orbital (MO) calculations
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have been shown to explain the experimental results well [35]. In the case of fluorine compounds the valence electrons
(2p electrons) of fluorine are directly involved in the X-ray transition and form MOs, but for titanium the electrons
directly involved in the X-ray transitions (1s, 2s, 2p) do not form MOs, and MO calculations are not relevant in our
case.

The positions and intensities of Ti Kβ2,5 and Ti Kβ′′ lines relative to the Kβ1,3 line have been used to demonstrate
chemical speciation in proton measurements [20]. In our measurements, the statistics in the Kβ structure was not
good enough to make a decent fit for ions other than 7Li2+. In the case of the 7Li2+ beam, the KβL fractions are
plotted in Figure 8. It can be noted that KβL0/KβL1 ratio is higher with TiO2 compared to the TiN and Ti. However,
uncertainties in the Kβ fractions are rather large.

The positions of the satellite lines relative to the KαL0 are given in Figure 12. Within the measurement uncertainty,
peak positions do not change with different beam energies. The measured peak positions were compared to a empirical
formula by Wang et al. [36]. The agreement between our measurements and the used formula is not satisfactory in
the case of Ti Kα X-ray satellites.

6. Conclusions

In this study, we measured X-ray emission spectra of three different titanium-containing thin films with different
ions and with different 12C3+ beam energies. We observed a difference in the Kα X-ray satellite structure for different
chemical environments, even though no chemically-important valence electrons are directly involved in the X-ray
emission. Differences in relative Kα X-ray satellite intensities were observed between metal-Ti and TiO2, but no
difference between TiN and TiO2 were observed. The change between metal-Ti and TiN/TiO2 is explained by the
interatomic transitions from valence electrons of nitrogen and oxygen. With both TiN and TiO2, the average valence
electron density is roughly twice as high as for metallic Ti. Thus, there are more free electrons available after the
collision, and they can fill the ionized shell prior to the X-ray emission leading to a different X-ray satellite structure.
The most sensitive parameters for chemical speciation were KαL0/KαL2-ratio and the pL value, which can be used
to differentiate Ti from TiN and TiO2. The proportionality of the KαL0/LαL2-ratio as a function of beam energy
was observed to be different for TiN and TiO2. Thus, measurements at higher beam energies than performed in
this study could result in higher sensitivity to the chemical environment of titanium. Previously it has also been
demonstrated that TiN and TiO2 can be distinguished using a proton beam [20, 21]. By combining high-resolution
heavy-ion and proton PIXE, Ti, TiN, and TiO2 can all be distinguished from each other.

The geometrical model (GM) was used to study the average L-shell ionization fraction at the time of Kα emission.
The general trend could be predicted using GM, but there were small deviations from the trend, most notable with
the 6.8 MeV 16O3+ beam measurement.

The use of heavy ions can potentially be beneficial, with the possibility to obtain information on the chemical
environment, with higher cross-sections in some cases [37] and with the possibility for simultaneous heavy-ion elastic
recoil detection analysis or MeV-SIMS, for example. There are also clear drawbacks with heavy ions. The X-ray
production cross-sections of heavy ions are not as well-known as proton cross-sections, hindering usability of heavy ions
on quantitative elemental analysis, and heavy ions can not be used for measurements outside the vacuum like protons.
The chemical speciation with heavy ion measurements is possible, at least in some cases. We demonstrated that the
Ti Kα X-ray satellite structure changes with different 12C3+ energies. Thus, not only the chemical environment but
also the depth distribution of the chemical compound affects the X-ray satellite structure, complicating the analysis
for samples where the energy loss of the incident ion is significant.
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Abstract

A new beamline for high energy resolution PIXE measurements is presented. This new setup includes options for
both in-air and vacuum measurements. For the high energy resolution transition-edge sensor array, a polycapillary
lens is used for detecting low-energy X-rays down to 0.5 keV and to increase the effective solid angle. X-ray
transmission of the polycapillary lens was characterized using two calibration standards. The gain obtained by
adding a polycapillary lens was 1.6–2.3 at energies between 2.1 keV and 4.5 keV. From 1.04 to 1.74 keV the gain
is increased to 2.1–3.0, and at energies 4.9–8.0 keV the gain is between 1.6–0.65. The measured gain agreed well
with theoretical calculations. The lightest detectable element in the new setup is oxygen at 0.525 keV.

Keywords: External-PIXE, PIXE, Transition-edge sensor, Polycapillary lens

1. Introduction

Particle-induced X-ray emission, PIXE, is a quantitative method for elemental analysis [1]. In PIXE, an
energetic ion beam is used to excite inner-shell electrons, an outer-shell electron fills the produced electron hole,
and a photon is emitted and detected. With PIXE, carbon and heavier elements can be detected [2] but work is
mostly limited to sodium and heavier because the self-absorption is very high for X-ray energies below 1 keV.

One of the most attractive features of PIXE is the ability to perform measurements in an atmospheric pressure
(known as external beam PIXE or in-air PIXE), and that the technique is delicate enough to measure precious
items like museum artifacts [2]. High energy resolution detectors such as wavelength-dispersive detectors have
been used with an external beam in some studies [3, 4, 5, 6], but this far microcalorimeter detectors have been
operated only in a vacuum in conjunction with PIXE [7, 8, 9, 10, 11, 12, 13, 14].

High energy resolution PIXE has many advantages over conventional PIXE. The separation of peaks of com-
plicated samples with many different elements is easier, and the minimum detection limit has been demonstrated
to improve by many orders of magnitude up to a factor of 680 [9]. High energy resolution PIXE can be used for
chemical speciation in many instances, like for different Ti compounds [8, 15] and S compounds [16]. Chemical
speciation of light elements, like O, F, or Na, is a subject of interest, and maintaining a good X-ray detection
efficiency at energies below 1 keV is desirable.

In PIXE, the detection of lighter elements (C, N, O, Na, etc.) is possible if one can filter out the detector-
damaging, scattered particle beam without sacrificing X-ray transmission to the detector. This can be achieved
either by using a bending magnet in combination with external beam [2] or a polycapillary lens [17]. Transition-
edge sensor (TES) microcalorimeters are sensitive to external magnetic fields [18, 19] making the polycapillary
lens a more appealing option for this type of a detector, and it has previously been integrated with many other
TES applications [20, 21, 22, 23, 24] but not PIXE. A polycapillary lens consists of thousands of small capillaries
with a diameter of a few micrometers [25]. X-rays travel through capillaries via total external reflection, somewhat
similar to an optical fiber cable, and by slightly bending the capillaries X-rays can be focused [25]. Energetic ions,
on the other hand, are not reflected but will stop at the lens and do not reach the detector [17]. Due to the X-ray
focusing effect of the polycapillary lens, the X-ray detector can be further away from the sample and still have a
high absolute efficiency.
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In this work, we have developed an energy-dispersive, high energy resolution PIXE setup at atmospheric
pressure for X-ray energies between 0.5 keV and 10 keV using TES microcalorimeters. This opens up a possibility
to study, for example, art, archaeological samples, aerosol samples and other delicate samples not suitable for
vacuum.

2. Theoretical background

2.1. Theoretical X-ray transmission through a polycapillary lens
A polycapillary lens consists of thousands of hollow capillaries with a diameter of a few micrometers. A

polycapillary lens is based on the total external reflection of X-rays. A common capillary material is a borosilicate
glass for which the critical angle can be approximated using equation [25]

θc =
0.030

E
, (1)

where θc is in radians when energy E is given in keV. The critical angle is slightly different with other glass
types, like leaded glass. The X-ray reflection below the critical angle is below 100% due to the X-ray absorption.
The reflectivity of X-rays, where this absorption is taken into account is reported in [26]. Using that data, the
reflectivity of thick borosilicate glass at three different angles, 0.25, 0.5, and 1 degrees, is plotted in Fig. 1. The
absorption edges of the two main components (O and Si) cause a sudden increase in X-ray absorption, which
decreases X-ray reflectivity.
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Figure 1: Reflectivity of X-rays for borosilicate glass at 0.25, 0.5, and 1.0 degrees [26]. Sharp transitions are due to the X-ray absorption
edges of Si and O.

The gain of the polycapillary lens for the finite size spot can be calculated as

G (E) =
Ωlens

Ωnolens
· ε (E) , (2)

where G is the gain, E the X-ray energy, Ωlens the solid angle of the polycapillary lens (input side), Ωnolens the
solid angle of the detector, and ε the transmittance of the polycapillary lens integrated over the X-ray spot. The
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transmittance can be approximated as

ε (E) = Af

∫∞
0

drspot
∫ 2π

0
dθ
∫ Rin

0
drin · α · Pn (E, φ)

∫∞
0

drspot
∫ 2π

0
dθ
∫ Rin

0
drin · α

, (3)

where Af is the active area fraction of the lens (the cross-sectional area of the capillary holes divided by the
cross-sectional lens area), rspot the distance of the emitted X-ray from the center of the X-ray spot, P the X-ray
reflectivity, φ the reflection angle, n the number of reflections in the capillary, and rin the distance of a capillary
from the lens center (input side). The parameters describing a property of a single capillary are marked with
small letters, and large letters describe the macroscopic polycapillary lens (e.g. 0 ≤ rin ≤ Rin = Din/2). The
parameter α is used to simplify the equation and it is defined as

α = fy (rspot sin (θ)) fx (rspot cos (θ)) rspotrin, (4)

where fx and fy are the intensity distribution of the X-ray spot in x- and y-axis (perpendicular to the sample
surface), θ is the angle of the emitted X-ray relative to the center of the X-ray spot in radial coordinates. The
number of reflections is calculated as

n = max (1; bL/λ1c; bL/λ2c) , (5)

where L is the length of the polycapillary lens,

λ1 =
√
r2b − (rb − d)2) (6)

is the geometrically longest possible mean free path of an X-ray in a capillary with an inner diameter d, and
bending radius rb, which can be expressed as

rb = (Rmax −Rin)
rin
Rin

/(1− cos
(
tan−1(rin/f1)

)
), (7)

where rmax is the maximum diameter of the capillary and f1 the distance from X-ray source to the lens, and

λ2 = ø · f1/rspot (8)

is the mean free path of an X-ray with an incoming angle of φ inside a straight capillary with an inner diameter
ø. The geometry of a capillary, including λ1 and λ2, is illustrated in Fig. 2.

Equation (5) means that two scenarios are compared when considering how many collisions are happening:
1) the X-ray comes inside the capillary at a straight angle in which case the amount reflections depends only on
the capillary geometry (λ1), 2) the X-ray comes inside a straight capillary with angle defined by the position of
X-ray emission (λ2). Whichever case produces the larger amount of collisions is considered to happen.

Here we have assumed that each capillary looks directly to the center of the beam spot. We have also not
taken into account X-rays that initially hit the walls of the capillaries but are not absorbed, find a channel and
reach the detector.

λ

Figure 2: Geometry for an X-ray reflecting inside a capillary. The path with a minimum amount of reflections is defined by the
parameter λ1, and the number of reflections with incoming angle of φ is related to parameter λ2.
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2.2. X-ray transmission for different configurations of the polycapillary lens
The distance between the vacuum window of the transition-edge sensor array and the sample is 275 mm. In

addition to the polycapillary lens, some X-ray absorbing matter are always present between the detector vacuum
window and the sample. We are considering two general cases: a) an inert gas fills the whole 275 mm space (air or
He), b) the polycapillary lens is placed in the vacuum, but a thin vacuum window (Be window or Si3N4 window)
and small amount of inert gas (5 mm of air or He) is placed between the sample and the thin vacuum window.

We have divided the two general cases into five specific scenarios, and the X-ray transmission for the five
scenarios are plotted in Fig. 3. The following scenarios are compared with each other: 1) 275 mm of He (flow)
between the detector and the sample, 2) 275 mm of air between the detector and the sample, 3) 8 µm thick Be
window before the polycapillary lens, the polycapillary lens in a vacuum and 5 mm of air between the Be window
and the sample, 4) same as 3) but with 5 mm of He between the sample and the Be window, 5) same as 4) except
a 200 nm thick Si3N4 vacuum window instead of the Be window. In all cases, the backscattered 2–3 MeV proton
beam is stopped by the polycapillary lens, if it does not stop before it. Above 1.84 keV the highest transmission is
obtained by using He, and below 1.84 keV the highest transmission is obtained with the polycapillary in a vacuum,
a 200 nm thick Si3N4 vacuum window, and 5 mm of He between the sample and the vacuum window. Leaving
the polycapillary lens in air is clearly not an option.

 0

 0.2

 0.4

 0.6

 0.8

 1

 2  4  6  8  10

X
-r

a
y
 t
ra

n
s
m

is
s
io

n

Energy (keV)

1) 275 mm He
2) 275 mm air
3) 8 µm Be + 5 mm air
4) 8 µm Be + 5 mm He
5) 200 nm Si3N4 + 5 mm He

Figure 3: X-ray transmission of different possible scenarios in front of the transition-edge sensor with the polycapillary lens.

3. Experimental methods

3.1. Polycapillary lens for transition-edge sensor array
The current transition-edge sensor (TES) array at the University of Jyväskylä consists of 160 pixels with 305 µm

x 320 µm collimated area on each. The array is cooled down to 100 mK by using an adiabatic demagnetization
refrigeration (ADR), and sensors are voltage-biased to the transition between the superconducting and the normal
state. Sensor current is read inductively using superconducting quantum interference devices (SQUID) with
time-division multiplexing [27]. Pulse-shapes are saved and analyzed later on. In front of the TES array, there are
three infrared filters, at 100 mK, 3 K and at 60 K, each with a composition of a 225 nm thick Al layer on top of
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a 280 nm thick silicon nitride membrane. AP3.3 window from Moxtek Inc. is used for a vacuum window. A more
detailed description of the detector can be found in Refs. [7, 8].

A polycapillary lens was designed in collaboration with IfG - Institute for Scientific Instruments GmbH and
manufactured by IfG. The design properties for the polycapillary lens were: optimized efficiency in 0.5–8 keV
energy range; the total length of a lens system, including focal lengths, 290–300 mm; optimized for a beam spot
with a 0.5 mm diameter. A schematic picture with the polycapillary lens parameters is shown in Fig. 4. A photo
of the encapsulated lens and two optical microscope images of capillaries are shown in Fig. 5.

The polycapillary lens alignment snout is kept in He atmosphere. A second option would to put the polycapillary
lens alignment snout in vacuum, and to have a He flow between the sample and the vacuum window (see Fig 3).
The chosen option has better X-ray transmission above 1.840 keV than the second option, has nearly as good
transmission between 0.5 keV and 1.839 keV as the second option, has a simpler design, and has a better X-ray
transmission when used in vacuum chamber configuration. Due to these reasons, the current design was chosen.

f1=73 mmL=120 mml=104 mm

Dout=15.0 mm

Dmax=15.5 mm

Din=9.8 mm

TES

Sample

He atmosphere

3 K snout

60 K snout

300 K snout

TES cover

Figure 4: Definitions and values for the polycapillary lens parameters. The polycapillary lens is inside a metallic container, and the
metallic container is inside a plastic polycapillary lens alignment snout. The polycapillary lens alignment snout has 8 screws to adjust
the position and angle of the polycapillary lens, and He flows inside the alignment snout. Between the polycapillary and the detector
there is AP3.3 vacuum window from Moxtek inc. (red line in the picture) and three infrared radiation (IR)-filters (blue lines in the
picture), and the detector active area is highlighted with orange line. The picture is drawn in scale, except for Dmax and TES snout
structures were not drawn in scale for the clarity.
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Figure 5: a) A side view of the polycapillary lens, b/c) cross-sectional optical microscope images of the polycapillary lens using two
different magnifications.

3.2. New beamline for PIXE and RBS
We have built a new beamline which consists of a multi-purpose vacuum chamber followed by an external

beam setup. The design of the new beamline is shown in Figures 6 and 7. The vacuum chamber can be used for
both PIXE and Rutherford backscattering spectrometry (RBS) measurements, and the external beam is dedicated
to PIXE measurements. High energy resolution PIXE can be done in both configurations.
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Figure 6: CAD-images of the new experimental PIXE setup at the University of Jyväskylä. In the images the ion beam comes from left
to right (yellow line in the Figure). In the bottom image A = wobbler, B = beam profile meter (BPM), C = slits, D = chopper, E =
mounting flange for the transition-edge sensor array, F = mounting flange for silicon drift detector or CdTe detector, G = goniometer,
H = fluorescent screen, I = BPM, J = external beam setup, see Fig. 8.

Figure 7: A picture of the finished beamline. The ion beam comes from left to right.

7



Table 1: Detector positions and alignments in the new external beam setup. The distances of the silicon drift detectors (SDD) can
be adjusted to some degree. Here LE refers to a low energy detector, HE to a high energy detector and TES to the transition-edge
sensor array.

Parameter LE SDD HE SDD TES
Vertical plane angle 0 deg 30 deg 0 deg

Horizontal plane angle 45 deg 30 deg 45 deg
Distance to the sample surface 12.4 cm 3.5 cm 29.5 cm

Collimated area 50 mm2 17 mm2 15.616 mm2

Absorbers None 100 µm Be 3x(225 nm Al on 280 nm Si3N4)
Vacuum window Moxtek AP3.3 Amptek C1 Moxtek AP3.3

3.2.1. External beam configuration
The external beam configuration includes the TES array and cryogenics for high energy resolution measure-

ments, and two silicon drift detectors (SDD). The two SDDs are used for conventional PIXE measurements:
one for low energy region (Ketek AXAS-D H50LE), and the other for high energy region (Amptek X-123SDD).
Helium flow is used for both the TES array polycapillary and the low energy detector (Ketek). Visible light is
blocked from LE detector by light-tight window from HS foils (250 nm Al on 145 nm Si3N4 on silicon grid with
81% open area). Third SDD (Ketek AXAS-D H30) is looking at the exit window (Si3N4), and beam intensity in
PIXE measurements is normalized using Si K X-rays from the exit window [28]. The external beam geometry is
visualized in Fig. 8.

The distance between the sample surface and the exit window is 2.2 cm, the distance between the polycapillary
lens entrance and the sample is 7.3 cm and the distance between the polycapillary lens alignment snout and the
sample is 0.5 cm. More details of the detector geometry are listed in Table 1. The combination of three different
detectors optimized for both high and low energy X-rays makes the external beam the preferred option for PIXE
measurements for most samples.

Figure 8: A CAD-image of the new external beam setup at the University of Jyväskylä. In the image positions of the transition-edge
sensor (TES) array, detector monitoring beam fluence (beam fluence SDD), low energy detector (LE SDD), high energy detector (HE
SDD), the polycapillary lens alignment snout (black), and the metallic polycapillary container (red) are shown.

3.2.2. Vacuum chamber configuration
In the vacuum chamber setup, we have two partially depleted passivated implanted planar silicon (Canberra

PIPS®PD50-11-300 AM) detectors for Rutherford backscattering spectrometry (RBS). For PIXE, SDD (Amptek
X-123SDD) and TES are used. The silicon drift detector is the same detector that is used in the external beam
configuration. A CdTe (Amptek XR-100T, 25 mm2 active area at a 36.6 cm distance from the sample surface)
detector can be used for detecting high-energy X-rays or gamma-rays if required. The beam fluence is calibrated by
using a chopper before the chamber. The RBS spectrum of the backscattered beam from the chopper is monitored
using a 300 mm2 silicon detector. The detector geometries are listed in Table 2. It should be noted that the
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Table 2: Detector positions and alignments in the new vacuum chamber setup. All detectors are on the same vertical plane as the
incoming ion beam. PIPS®detectors are used for detecting the scattered ions.

Parameter PIPS® PIPS® SDD TES
Detection angle 170 deg 0− 165 deg −135 deg 135 deg

Distance to the sample surface 10.1 cm 9.8 cm 18.2 cm 29.5 cm
Active area 50 mm2 50 mm2 17 mm2 15.616 mm2

Absorbers None None 100 µm Be 3x(225 nm Al on 280 nm Si3N4)
Vacuum window None None Amptek C1 Moxtek AP3.3

polycapillary lens can be used in this configuration as well. Since the polycapillary lens stops the scattered beam,
no additional filters are needed, and it is possible to see low energy X-rays even better than under He flow.

This configuration is used mainly for RBS measurements and can be used for PIXE measurements as well. The
advantage of this configuration is simultaneous PIXE-RBS data collection. In this vacuum chamber, heavy-ion
PIXE measurements for chemical speciation [29, 30] can be performed using the TES array.

3.3. Experimental X-ray transmission of the polycapillary lens
For determining the X-ray transmission of the polycapillary lens, we have measured two samples: an in-house

prepared calibration sample and the NIST (National Institute of Standards and Technology) standard reference
material SRM 611. The in-house prepared calibration sample contains the following films from top to bottom on
a C substrate: 14 nm Al, 10 nm Nb, 25 nm Ag, 65 nm Ti, 115 nm Fe, 185 nm Ni, 300 nm Cu and 70 nm Cr.
All films were deposited using electron beam evaporation. We used libCPIXE [31] for simulating a composition
producing uniform distribution of X-ray energies in 1–8 keV range with 1.6–3.0 MeV proton beam. The nominal
composition of SRM 611 matrix is 72% SiO2, 14%Na2O, 12%CaO, 2%Al2O3, and the sample has over 50 added
elements at approximately 500 ppm level.

Two measurement sets for both samples were carried out. First, the samples were measured in the external beam
configuration (as described in section 3.2) with the polycapillary lens installed. The second set of measurements
were done in otherwise identical configuration, except the polycapillary lens was not installed (but the polycapillary
lens alignment snout was still in place). Count rate in the detector measuring the beam fluence was similar in
both measurements (1000–3000 counts/s).

In all measurements, 2010 keV initial proton beam energy was chosen to ensure that the proton beam stops
before the detector even without the polycapillary lens. The IR-filters are able to stop 270 keV protons, and most
of the energy loss takes place in the helium. With 275 mm thick helium volume and three IR filters (225 nm Al,
280 nm Si3N4 each) 1.6 MeV protons are stopped. By taking into account the energy loss in the air between the
sample and the exit window, protons accelerated to 2.01 MeV energy are stopped. The stopping calculations were
performed using SRIM-2013 [32].

3.4. Theoretical X-ray transmission of the polycapillary lens
In order to calculate the theoretical performance of the polycapillary lens, we measured the beam spot

dimensions, and the polycapillary lens dimensions not shown in Fig. 4. Measurements were performed in the
external beam configuration.

The beam spot profile was measured using a narrow copper wire with a diameter of 0.30 mm. The measurement
was done with two different exit-window to sample distances, 17 mm (first measurement) and 21 mm (second
measurement), in order to see if the beam spot size and shape stays the same at different distances. The measured
X-ray intensity as a function of offset from the beam center is shown in Fig 9. The X-rays from the copper
wire were measured using the high-energy SDD. The beam spot was fitted with a normal distribution, and the
full-width at half-maximum values (FWHM) (0.54± 0.02) mm and (0.47± 0.02) mm were fitted. The copper
wire diameter was taken into account in the fitting, and the reported FWHM values are the FWHMs of the beam
spot, not the FWHMs of the measured intensity. In the second fit (at 21 mm) three points are clearly not on the
fitted line. These three points were measured in the beginning, so some kind of misalignment in the measurements
might have happened which went unnoticed.

The FWHM in the second measurement is smaller even though the beam was further away from the exit
window. The following reasoning could explain this. The first measurement took 2 h 20 minutes, and during the
measurement all accelerator parameters were unchanged. At the beginning of the measurement, the accelerator
tends to be less stable and the terminal voltage can drift very slightly which makes the beam spot look wider
in a long measurement. The second measurement was shorter (1 h 40 min) and also the terminal voltage was
more stable. In the measurements of the in-house fabricated and NIST SRM 611 samples, both took a total of 2

9



hours 50 minutes to measure, so the situation resembled more the situation in the first beam spot measurement.
Therefore, in the calculations the value of 0.535 mm was used for the full-width at half-maximum of the beam
spot.

In order to see the 2D-shape of the beam, a white copying paper was radiated with a beam until a spot visible
for the naked eye could be observed. The produced spot had a circular shape, following the exit aperture shape,
and circular shape was thus used in the calculations.
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Figure 9: The measured Cu Kα intensity with two different exit-window to sample distances, 17 mm and 21 mm. The beam spot was
measured using a narrow 0.3 mm diameter copper wire. The finite size of the copper wire is included in the fit, and the reported
FWHM is the FWHM of the beam spot, not the FWHM of the fit function.

The polycapillary lens was imaged with an optical microscope as shown in Fig. 5. From these images, the
inner diameter of a single capillary was determined to be 15.5 µm, and the open area fraction was 55%.

Combining these measured dimensions with other known lens dimensions, we calculated the theoretical gain
using Equation (2). The integration of the beam spot was done over 3 full-widths at half-maximum. The calculated
gain and experimental gain are shown later in Fig. 12. For the borosilicate glass (capillary material) four different
compositions were used: 1) 81% SiO2, 13% B2O3, 2% Al2O3, 2% Ca2O, 2% K2O; 2) 65% SiO2, 25% B2O3,
2% Ca2O, 8% K2O; 3) 80.9% SiO2, 13% B2O3, 2% Al2O3, 2% Ca2O, 2% K2O, 0.1% Pb; 4) same composition
as 1) but with 1.3 nm roughness (all values are in mass percentages). The values for X-ray reflectivity were
calculated with the Fresnel equation [26], X-ray atomic fractions reported by Henke et al. [26] were used, and the
Nevot-Croce factor was used to calculate the effect of roughness [33]. A density of borosilicate 2.23 g

cm3 was used
for the simulations.

4. Results and Discussion

The measured X-ray spectra of NIST SRM 611 with and without the polycapillary lens are plotted in Fig. 10,
and the spectra of the in-house prepared calibration sample are plotted in Fig. 11. Both samples were measured in
the external beam configuration. The polycapillary lens stops the backscattered protons and no additional proton
filter is needed, the use of helium atmosphere gives a good X-ray transmission, and as a result of these two, we
were able to detect O Kα X-rays in the external beam setup (Fig. 10). We were not able to detect C Kα X-rays
from the substrate of the in-house prepared calibration sample (Fig. 11). The X-ray transmission for C Kα X-rays
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through the IR-filters (2.79 · 10−6 [26]) and AP3.3 vacuum window (0.47) is 1.3e-6. Thus, we do not expect to
detect C Kα X-rays either in vacuum or external beam setup. The X-ray transmission for N Kα X-rays through
the IR-filters and AP3.3 vacuum window (0.31) is 10−3 and when adding 275 mm He it is 6.3 · 10−6. Thus, N or
lighter elements cannot be detected in the external beam configuration, and in the vacuum chamber configuration
the lightest detectable element is either N or O. X-rays from oxygen and lighter elements are absorbed easily in
the measured material itself, and quantitative analysis of these elements with PIXE is problematic, and better
to be done for methods like elastic recoil detection analysis (ERDA). The low energy region 0.5–1.0 keV is thus
sufficient enough for qualitative analysis only.
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Figure 10: Measured X-ray spectra of NIST SRM 611 with 72% SiO2, 14% Na2O, 12% CaO, 2% Al2O3 nominal matrix composition.
Intensity is scaled to counts per pixel per million counts in Si Kα peak area measured from the beam exit window. The dead time of
the TES and the dead time of the beam fluence calibration detector are taken into account. In the spectra, 8 eV bin width is used for
clarity.
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Figure 11: Measured X-ray spectra of a calibration sample with Al, Nb, Ag, Ti, Cr, Fe, Ni, Cu thin films on top of C substrate.
Intensity is scaled to counts per pixel per million counts in Si Kα peak area measured from the beam exit window. The dead time of
the TES and the dead time of the beam fluence calibration detector are taken into account.
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The experimental and theoretical gains for the polycapillary lens are shown in Figure 12. The measured gain
stays between 1.5 and 3.0 at energies from 0.5 keV to 5.5 keV, and drops below 1 at energies >7 keV. All the
calculations have very similar shape below 1.8 keV, and agree well with the experimental data points. At 2–4 keV
energy range the composition 2) agrees best with the data, and at energies above 4 keV all calculations fit decently
to the experimental data, but the composition 2) producing gain a bit below the experimental data. The difference
between compositions 1), 3), and 4) (otherwise identical composition, but 3) has 0.1% lead added and 4) has
1.3 nm RMS roughness) is quite small. It should be also noted, that some X-rays might initially hit the capillary
glass without absorbing into it, and can reach the detector. This was not taken into account in the calculations.
Hitting the capillary glass without absorption in the glass is more likely at higher energies, which can explain
the slight deviation of the calculated values at 7.48 keV and 8.05 keV. Overall, composition 2) gives the best
agreement with the experimental data, because the higher amount K2O causes a sudden drop in intensity at
3.607 keV, which is also seen in the experiments.
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Figure 12: Measured and calculated X-ray gain for the polycapillary lens. For the theoretical calculations four different compositions
for the glass material were used: 1) 81% SiO2, 13% B2O3, 2% Al2O3, 2% Ca2O, 2% K2O; 2) 65% SiO2, 25% B2O3, 2% Ca2O,
8% K2O, 3) same as 1), but with additional 0.1% Pb, 4) same as 1) but with 1.3 nm RMS roughness (all values in mass percentages).

Between 0.5–6 keV the measured gain stays between 1.5 and 3.0. In order to get a similar factor of two
intensity increase without the polycapillary lens, we would need twice as big solid angle, so the detector should
be at a closer distance of circa 210 mm. With the current setup the limiting factor is the TES table, and the TES
array can be brought to a distance 225 mm at closest in the external beam configuration. The smallest possible
detector-to-sample distance limited by the ADR-unit (and ignoring the supporting structures) at 135 degrees
detector angle would be 92 mm, a factor of 10 increase in solid angle compared to 295 mm detector-to-sample
distance. However, moving the detector this close to the sample would require a proton filter. Because the TES
are extremely sensitive devices to external magnetic field [19], magnetic deflection is not desirable. For example,
a 100 µm Be filter could be used to stop protons up to 3 MeV energies. A 100 µm Be filter has transmission less
than 20% at 1.9 keV [26] and at energies below this the polycapillary becomes clearly beneficial. This low-energy
region is interesting for our detector for few reasons. The energies we can detect are limited to roughly below
10 keV, and good efficiency below 2 keV is necessary for detecting elements with Kα over 10 keV and Lα below
2 keV (elements with 31 ≤ Z ≤ 39). The energy response of our detector is less linear at higher energies (roughly
>6 keV), making the lower energy X-ray lines more preferred for the analysis for elements with high energy K-lines
(such as Ge, Ga or As) or high-energy L-lines (such as Au or Pb). Polycapillary lens can also be used in vacuum
chamber configuration, making it the preferred option for our system.

In Figure 13 the total amount of good pulses (measured from the NIST SRM 611 sample) are shown for
each pixel a) with the polycapillary lens, b) without the polycapillary lens. Same active pixels were used in both
measurements. With the polycapillary lens, the X-rays are less homogeneously distributed. In every corner there
are pixels with large amount of pulses with the polycapillary lens, which indicates that the actual focus of the
polycapillary is inhomogenous instead of issues with the polycapillary alignment.
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Figure 13: Measured pulses from NIST SRM 611 sample for each active pixel a) with the polycapillary lens and b) without the
polycapillary lens. White pixels were not producing data during the measurement (n=54) or they were disregarded from the analysis
due to bad data (n=18). The pixel with the highest amount counts is normalized to one. With the polycapillary lens, the X-rays are
less homogeneously distributed among the pixels.

5. Summary

A polycapillary lens was installed for high energy resolution, energy-dispersive PIXE measurements. Measure-
ments can be done in a vacuum or with an external beam, and the lightest element that can be detected now
is oxygen, whereas previously it has been aluminium [8]. The polycapillary lens can be used also in the vacuum
chamber. The limiting factor for detecting lower energies is the X-ray absorption in the IR-filters (a total of
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675 nm Al and 840 nm Si3N4). The X-ray transmission through the polycapillary lens was measured at energies
0.5–8 keV. The agreement with the theoretical calculations and experimental data was good.
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