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Introduction

Gas filled ionization detectors belong to the oldest types of instruments used in the area of nu-
clear physics. Their low price, adjustment to different experimental conditions (including low and
high temperatures, non-sensitivity to external magnetic field, dimension versatility, etc.), ability
to register almost all types of charged particles (even X and y-rays) makes them very common in
nuclear physics community.

Proportional gas counters appeared in late 1940s and became very popular in wide area of nu-
clear techniques requiring spectrometric detector regime (distinguishing particle energy). About
twenty years later (after discovery of Mossbauer effect in 1958) proportional gas counters found
their utilization in Mossbauer spectroscopy covering large group of Méssbauer effect observations.
Nowadays they are commonly used especially in the backscattering " Fe Mossbauer spectroscopy
techniques.

The main aim of this dissertation thesis is to introduce a new toroidal proportional gas flow
counter prototype enabling the 6.4 keV X-rays and the 14.4 keV gamma rays registration in almost
27 geometry. It took three years to develop structure and design of the toroidal proportional gas
flow counter for meeting all specified conditions. All the prototype versions were printed by 3D
printers (the first one even from plastic material and painted by carbon conductive glue). De-
spite that many versions (including different materials, anode configuration, safety high voltage
connector housing, window shapes, etc.) have been tested, the best one is presented in this dis-
sertation thesis. The toroidal proportional gas counter was tested with different counting gases
(pure argon, pure krypton and argon-methane mixtures with different concentration) for opti-
mization counter parameters (such as energy resolution and detection efficiency). Consequently,
this counter was tested for the conversion X-rays, backscattering gamma and transmission 5“Fe
Mossbauer spectroscopy.

For the purpose of the transmission *"Fe Mossbauer spectroscopy, the toroidal proportional
gas counter was replaced by the cylindrical one. This counter was filled by pure krypton, whose
escape peak is usually described as its disadvantage. However, this thesis demonstrates that this
"disadvantage” could be also beneficial.



1. Mbossbauer spectroscopy

Mossbauer spectroscopy is a non-destructive resonance spectroscopic technique, which is based
on the physical phenomena of recoilless nuclear emission and resonant absorption of gamma rays.
In 1958, the Méssbauer effect was discovered by German physicist Rudolf Ludwig Méssbauer. For
this discovery he was awarded a Nobel Prize in Physics (1961).

Since the time of its discovery, Mossbauer spectroscopy has become very important experi-
mental method. It finds applications in physics, chemistry, biology, geology, archeology, material
research, metallurgy etc. This experimental technique provides quantitative analysis of materials
(structural, phase and magnetic information), which contains specific elements (most often iron
or tin). Being selective to certain nuclei type, Mdssbauer spectroscopy allows identification even
of those ones with a very low concentration. This thesis focuses on Mossbauer spectroscopy of
Fe-bearing materials, thus the method based on measuring the 5"Fe isotope is described in details.

1.1. Mossbauer effect

The theory of Mdssbauer effect has been presented in many publications, i.e. [1-4]. Therefore
this chapter provides only a brief overview of this phenomena. R. L. Mgssbauer studied the reso-
nant absorption of gamma rays on '°!Ir with the energy E, = 129 keV and the low recoil energy E,
=0.046 eV [5]. The resonant emission and absorption of gamma rays means that the absorbed and
emitted gamma rays have approximately the same energy [6]. He experimentally proved that the
value of resonance absorption increases with a decrease in temperature. However, more detailed
study revealed a critical role of solid lattice in these types of experiments. The recoil energy E; is
given by the expression

2
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where m is the nuclear mass and c is the speed of light [2]. As the nucleus is actually a part of
the crystal (it is not free), the recoil energy inversely depends on the mass of the solid lattice (with
a value many times higher than only for one nucleus). It means that the momentum is transmitted
to the whole crystal and the recoil energy is virtually zero. However, the absorption or the emis-
sion of gamma rays can be involved into energy transfer to lattice vibrations (phonons). In this
case no Mossbauer effect is observed. The probability (without inducing any energy transfers to
lattice vibrations) is called Debye-Waller factor f (for 5"Fe in a-iron metal at room temperature, f
is equal to 0.76 [6]). Normally, >"Co (with half-life of 7 = 271.8 days) is used as an emission source
for the 5"Fe Mossbauer spectroscopy, which utilizes the emission of the Mssbauer gamma rays
(14.41 keV, 9 %) [7]. 57Co decays to 5"Fe by an electron capture and its decay scheme is demon-
strated in Figure 1.

T

57 57
! Fe _Co  t-2718days
electron capture
5/2 136.4 keV 8.9 ns
91% | 9%
3/2 = 14.4 keV 140 ns
1/2 — 0 keV
Figure 1 | The decay scheme of 57Co (I is the nuclear spin); modified from [2].

The energy distribution from recoilless emitted gamma rays has ideally a Lorentzian line shape
with a natural width of approximately 4.7 neV [6]. As this width is lower than the difference in
energy between nuclear levels, Mossbauer spectroscopy provides a recordable energetic resolution
in registering electromagnetic radiation.

The modulation of the emitted gamma rays is required for experimental observation of the
Mossbauer effect. This process is usually provided by the motion of the radiation source (moving
with absorber is not so common, but it could be also used) while using the Doppler effect. Due to
this, the emission line shift AE is given by the equation 2



AE = Ep% cos a, (2)

where v is the velocity of the radiation source, c is the speed of light, E, is the energy of tran-
sition, and « is the angle between the orientation of the velocity motion and the emission of the
gamma photon [2]. Then the Méssbauer spectrum is the number of counts passing through the
absorber (eventually emitted by it) as a function of the relative velocity of the radiation source and
the sample. The typical velocity range for the 5"Fe Mdssbauer spectroscopy is from —10 mm/s to
+10 mm/s.

1.2. Methods of observing Mossbauer effect

From the geometrical point of view, the observation methods of the Mossbauer effect could
be generally divided into two groups. The difference is in the arrangement of the sample and the
detector (see Figure 2).
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Figure 2 (a) The transmission geometry and (b) the backscattering geometry used to observe
Mossbauer effect, where 1 is the velocity driver, 2 is the radiation source ( 57Co), 3 is
the collimatot, 4 is the absorber (sample) and 5 is the detector.

1.2.1. Transmission geometry

The transmission Mossbauer spectroscopy (TMS) is the most common method from all Mss-
bauer techniques. In this type of geometry, the absorber is located between the radiation source
and the detector (see Figure 2 (a)). It provides information about the intensity of transmitted
gamma rays through the sample, so the recorded Md&ssbauer spectra provides information about
the whole sample (i.e., from the whole volume of the sample). On the other hand, this geometry
is able to analyze only thin layers or powder materials. In the case, when the TMS could not be
used, the scattering techniques are applied (this geometry is shown in Figure 2 (b)).

1.2.2. Backscattering geometry

Backscattering geometry allows to analyze surfaces of bulk materials. As different processes
take place by gamma rays interaction with sample atoms after an individual Mdssbauer absorption
(see Figure 3), various types of scattering methods could be used.

In general, there are three most common scattering methods used to observe the Mossbauer
effect. The conversion electron Méssbauer spectroscopy (CEMS) usually focuses on registering the
K conversion electrons and the KLL Auger electrons due to their high emission probability [9]. The
CEMS techniques can be used to study the surface depths up to 400 nm. Other scattering method
is based on the registering the 6.4 keV conversion X-rays. The conversion X-rays Mossbauer spec-
troscopy (CXMS) analyzes the material surface up to the depths of 1-20 um. The last of them is the
backscattering gamma rays Mossbauer spectroscopy (BGMS), which allows to describe the sample
surface up to the depths of 20-100 pm. However, the CEMS and CXMS are mostly used, as the
probability of backscattered gamma photon emission is quite low.

1.3. Construction of Mdssbauer spectrometers

There are two basic types of Mossbauer spectrometers. The first of them is the M&ssbauer
spectrometer using constant velocity. In this case the measurement is divided into sequences, and



Resonance electrons (CEMS) ~ 400 nm
radiation source sample K conversion electrons 7.3 keV (80 %)
L conversion electrons 13.6 keV (8 %)
M conversion electrons 14.3 keV (1 %)

57,

Co
electron capture
136.46 keV e

y-rays 122 keV
)\
y-rays 136 keV
14.41 keV T KLL Auger electrons 5.4 keV (53%) ~ 35 nm
0.00 keV -rays 14 keV LMM Auger electrons 0.6 keV < 5 nm

MMM Auger electrons < 0.1keV <5nm

Resonance photons (CXMS, TMS and BGMS)
Characteristic K, X-rays 6.4 keV (27 %)

Non-resonance electrons and photons (background) 1-20 pm

Photoelectrons
Compton electrons
y-photons and X-rays photons

y-rays 14.41 keV (10 %) 20-100 um

Figure 3 | Processes taking place after an individual Mdssbauer absorption; modified from [8].

every single experimental point of the spectrum is measured independently. The velocity genera-
tor controls the velocity driver and switches the channels of the registration unit simultaneously.
The detector registers the intensity of gamma rays transmitting through the sample. The energy
component is selected by differential discriminator. The second type of the Mossbauer spectro-
meter uses the relative variable velocity of the radiation source and the sample. The pulses from
the detector correspond to actual velocity values. They are distributed to different channels of the
multichannel analyzer [2].

Nowadays, there is a large amount of systems, which are able to record the Mossbauer spec-
tra. The solution by using a microcomputer or a microprocessor is very common [10-12]. Some
Mossbauer spectrometers are based on the plug-in computer boards [13,14] or on the commercial
card [15]. In the laboratories of the Department of Experimental Physics of Palacky University in
Olomouc, the Mossbauer spectrometers based on the virtual instrumentation [16,17] are widely
used to record the spectra. In this technique the data acquisition is provided by the NI-PCI (NI -
National Instruments), NI-PXI or NI-USB digitizers [18]. The user application processing data was
developed in the graphical programming environment LabVIEW™. The critical parameter of this
type of system is the dead time of the Mossbauer spectrometer (zero percent ideally). These values
are reached when the PCI bus or PXI modular system is used for data acquisition and processing.
However, the USB 2.0 (Universal Serial Bus) provides lower transfer rates and minimal 50 % dead
time has been reached via this type of communication. Usage of another low-cost configuration
based on stand-alone instruments [19] is also possible, which has 66 % dead time.

1.3.1. Velocity driver and PID regulation

The most important part of every Mossbauer spectrometer is the velocity driver and the PID
(proportional-integral-derivative) controller, as they provide precise movement of the radiation
source (eventually the sample). This movement determines the quality of the entire spectrometer.

Different methods to realize the motion with a radiation source or a sample (mechanical, hy-
draulic, electrodynamical or piezoelectric) can be used. The choice of the method to be used is
usually determined by the required velocity range. Nowadays, the electromechanical method
(transducer) is commonly used in the °"Fe Mdssbauer spectroscopy. This transducer consists of
primary and secondary coils located in permanent magnets. Whereas the primary coil ensures
the motion of the radiation source, the secondary one monitors the actual velocity of the source.
The precise feedback between the reference signal (primary coil) and the drive signal (secondary
coil) can be provided by the analog solution [20] or by the digital PID controller [21,22].

1.3.2. Detectors for Mossbauer spectroscopy

There are three main types of detectors used in Mdssbauer spectroscopy — scintillation detec-
tors, proportional gas counters, and semiconductor detectors.
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i.

ii.

iii.

Scintillation detectors

Scintillation detectors use inorganic or organic scintillators. Transition of ionization rays
(gamma rays or X-rays) in a scintillator causes light flashes in the material. Consequently,
these flashes are registered by the photomultiplier or photodiode. Formerly, the most com-
mon scintillation crystal used in *"Fe Mdssbauer spectroscopy was Nal:Tl. However, this
type of material is not suitable for registering events of the high-activity sources, as the out-
put pulses are too long (i.e. 400 ns). That is why this scintillation crystal was substituted
by the YAP:Ce. Pulses from this scintillation crystal are almost eight times shorter than in
the case of Nal:Tl crystal [23]. In general, the scintillation crystals are applicable in a wide
interval of energies (depending on the choice of suitable scintillator). They are character-
ized by high detection efficiency, low price, and easy handling. Disadvantage lies in their
parameters dependence on the magnetic field and the temperature.

Proportional gas counters

The detailed description of this type of detectors and their utilization in Mossbauer spec-
troscopy is provided in the following chapter 2.

Semiconductor detectors

Semiconductor detectors are based on the formation of negative electrons and positive holes
in the p-i-n (p-type semiconductor, intrinsic region and n-type semiconductor) region as a
result of the incident gamma rays. When electric field is applied, these charge carriers are
drained by the relevant electrodes. Then the current pulse from the detector is transformed
into a voltage pulse, which is processed by the amplifier. The lithium-drifted germanium
(Ge(Li)) or lithium-drifted silicon (Si(Li)) are mostly used in Mgssbauer spectroscopy when
the high energy resolution is required. However, their energy resolution drops with a de-
crease of the registered energy and increase of the noise [1]. The decrease of noise could be
reached when liquid nitrogen is used in the cooling system. On the other hand, this type of
detector provides high energy resolution (1-2 keV), fast operation time (the pulse width is
approximately 100 ns), low operational voltage, small size, and ability to work under strong
magnetic fields, at low temperatures or in vacuum [2].

11



2. Proportional gas counters

Gases are very good insulators under normal conditions. However, if they are exposed to the
ionization rays, the neutral gas atoms or molecules are transformed into positively charged ions
and electrons. This effect causes the increase in the gas conductivity. This feature is used by gas-
filled detectors for detecting ionization rays. These detectors can be divided into three groups
according to the region of high voltage:

a) ionization chambers,
b) proportional gas counters,

c) Geiger-Miiller counters.

Ionization chambers and proportional counters are able to distinguish energy of the particles,
whereas the Geiger-Miiller counters are not. Different regions of gas filled detector operation are
shown in Figure 4. It shows the dependence of the number of ions collected and the high voltage,
which is applied between the anode and the cathode. The first region (i) represents low intensities
of the electric field, where the recombination process is faster than the charge collecting. This
region is called the recombination area or the region of Ohm law. The ionization chambers work
in the second region (ii), where the number of collected ions NN, is given by the expression

N. = Ny or N. = Ng, 3)

where N is the number of ion pairs created by « particles and Ng is the number of ion pairs
created by (3 particles. This region is called the region of saturation. The next region (iii) is the
typical area, where the proportional gas counters work. The number of collected ions [V, is higher
than the number of created ion pairs N, or Ng and depends on the multiplication factor M, i.e.,

Ne(&) = MNy; Ne(B) = MNg; Ne(x, B) = M(Ny + Np). 4)

The region of limited proportionality (iv) is not usually used in the regime of the gas filled
detectors. When the high voltage increases, the gas filled detector will start working as the Geiger-
Miiller counter. In the Geiger-Miiller region (v), the detector can work only in the non-spectrometric
mode. With the next increase of the high voltage (not marked in the Figure 4) the detector moves
into the discharge region.

1012 T 1 1
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1010 = |_
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i I I I
Eovk | | _
§ 10 i, i iii I
s 1" /R
: |1 |
% 10° | | « particle I I 7
g |1 I
E Ll I I
210" = arti .
= | P particle | |
| I I
10? _I I I I E
I I I
I I I
1 1 1 1
0 250 500 750 1000
voltage (V)
Figure 4 | The different operation regions of gas filled detectors; modified from [24].
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The simplest design of a proportional gas counter is shown in Figure 5. The typical shape of
a proportional gas counter adopts a cylindrical geometry, where the body of the detector is the
cathode and the anode in the form of a very thin wire (typically 10 - 100 um) is placed in the
middle of the cylinder. The detector is equipped with a window, which enables transmission of
the registered particles or photons into the gas volume.

input high voltage
window
anode
radlatlon \ \/ \
| output signal
cathode J—‘ =
Figure 5 | The simplest design of a proportional gas counter with a cylindrical geometry.

2.1. Basic principles of particle energy loss in matter and behavior of ions and
electrons in gases

The principle is similar to the one used in ionization chambers. It is based on the charged par-
ticle energy loss in the matter. The molecules of the filling gas could be ionized by the light parti-
cle energy loss, heavy ion energy loss, and by photon interactions. This issue has been studied in
many works (see, e.g., [24,25]). When gamma rays or X-rays are detected, the neutral gas molecules
interact with the photons and create a pair of negative electron and positive ion. Depending on
the photon energy, it can be induced by different mechanisms — photoelectric absorption, Comp-
ton scattering and pair production [25]. However, the photon energies detected in the iron based
Mossbauer spectroscopy are quite low (the 6.4 keV soft X-rays and the 14.4 keV low gamma rays),
so the photoelectric absorption is the dominant process. The next two processes occur, only when
higher energies of photons are detected.

This process is commonly known as a primary ionization. Its effects, in terms of number of
formed electron-ion pairs NN; depend on the particle energy E; according to equation

Ni = Eiw_l, (5)

where w is the mean energy for creating one electron-ion pair. The charge depends on the
particle energy which causes the ionization. It is described by the expression

Q = eNiM, (6)

where () is the collected charge, e is an electron charge and M is the multiplication factor. In the
case of the ionization chamber, the multiplication factor M is equal to 1 [26]. This multiplication
factor is a key feature of every proportional gas detector, so the next chapter 2.2 is devoted to this
issue.

Positive ions and free electrons (originated during the primary ionization) have a tendency to
diffuse in the direction of decreasing concentration of the particles with the same charges. This
leads to the collision between these particles. If there is a collision of a positive ion with the neutral
molecule of the gas, the transmission of the charge could occur. The electron from the neutral
molecule moves to the positive ion and the ion becomes a neutral molecule, while the neutral
molecule becomes a positive ion. This transmission of charge is especially significant when the
gas mixture contains various types of molecules. The tendency is to transmit the whole positive
charge in the gas with the lower ionization energy.

Occasionally, free electron could be captured by neutral molecule and create a negative ion.
This feature is typical for oxygen, water vapor, halogens, HCIl, NH3 and SiF,. Noble gases, nitro-
gen, hydrogen and methane have low coefficient of the electron capture. This is why the moving
electron remains a free one.

The collisions of positive ions and free electrons lead to the recombination. The free electron is
captured by positive ion and then the ion becomes electricaly neutral. Next recombination process

13



supervenes when there is a collision of positive and negative ions. In both cases the original charge
is lost and could not contribute to the generation of the signal in the detector [26].

In gas detectors (including proportional gas counters), electric field is applied across the gas
volume. This electric field induces a motion of created ions and electrons in the relevant direction.
Positive ions move to the cathode (negative electrode) with the drift velocity v; defined by the
formula

E
Uy = p—, (7)
p

where E is the intensity of electric field, p is gas pressure, and y is mobility of the ions. Be-
cause of their small size, the electrons move much faster than ions in the gas (approximately 1000
times), which decreases the probability of the collision with neutral molecules [24]. According to
Townsend [27], the drift velocity of electrons v. can be expressed by equation

e

ET, (8)

Ve
2m

where e is the elementary charge, m is weight of the electron, E is intensity of the electric field,
and 7 is the mean time between collisions. The drift velocity of electrons strongly depends on the
intensity of the electric field. Many authors dealt with this issue and published the real values of
the drift velocity of the electrons in different gases [28-30].

2.2. Gas multiplication factor

The proportional gas counters are based on the secondary ionization process which occurs
only when the high voltage is applied between the anode and the cathode. When strong electric
field is applied between the electrodes, the electrons are attracted to the anode and the collision
between the accelerated electrons and neutral gas molecules supervenes. These collisions generate
the Townsend avalanche. The time development of the Townsend avalanche is shown in Figure
6. Firstly an ion-electron pair is created by the primary ionization (a). The created electron is
accelerated by the electric field toward the anode, while next electrons are created (b) due to the
collisions with neutral gas molecules. The electrons surround the anode, grouping in a drop-
shaped avalanche (c, d). This process is terminated when all the free electrons are collected on the
anode (very fast process lasting approximately 1 ns). However, the positive ions have lower drift
velocity than the electrons, so there is still a cloud of them moving slowly toward the cathode (d).

S

; LN
o N
A N
*
I 4 -
‘ ‘ | ‘

a b C d e

Figure 6 | The time development of the Townsend avalanche; modified from [25].

The requirements of the values of electric field are very high (E(r) > 105 V/cm at normal
pressure), thus the anode is usually a fine wire. The electric field E(r) is given in the cylindrical
proportional gas counter by the equation

Vv

E(T):'r‘h‘l(é)y )

14



where V is the voltage applied between anode and cathode, a is anode radius, b is the inner
radius of the cathode and r is the distance of the electric field from the center of the wire [26]. Be-
cause the required values of £ are reached in very short distances of r, generation of the avalanches
takes places only in the proximity of the anode. Diethorn [31] gave the following expression 10
for the multiplication factor M, which characterizes well the proportional gas counters filled with
the methane, i.e.,

M = exp

In2
vome, (v ] 1)
In(%)aV Kpaln (2)
where V is voltage, a is anode radius, b is cathode inner radius, AV and K are constants for a
given gas (the potential variation between two successive ionizations) and p is gas pressure. Kiser
[32] proved that the expression 10 adequately describes gas amplification for methane, methane-

argon and ethanol-argon mixtures. On the other hand, Zastawny [33] proposed the expression 11
based on his observations for proportional gas counter filled with carbon dioxide, where Diethorn

equation was inadequate to use.
1% Cpaln (2)
s —1 11
Cpaln (%) + Vv (1)

MPH) (A+B{m

A, B and C are constants of the filling gas and all other parameters are the same as in the
Diethorn equation 10. However, the comparison of both equations for xenon filled proportional
counters [34] shows that both equations fit the data almost equally well. The multiplication factor
should be constant to enhance good energy resolution. Because it depends on the high voltage
(according to equations 10 and 11), it is necessary to use a very stable high voltage supply. Some
of the Diethorn parameters are shown in Table 1 [35], where W is the average energy to create an
ion-electron pair.

Table 1 | Diethorn parameters for different gas mixtures.
Gas or a gas mixture WeV) | K x107%(V/em atm) | AV (eV) | Reference
90 % Ar, 10 % CH,4 26.0 4.80 23.6 [36]
95 % Ar, 5 % CH, 26.0 4.50 21.8 [36]
CHj(methane) 29.2 6.90 36.5 [36]
C;Hg(propane) 23.6 10.00 29.5 [36]
96 % He, 4 % isobutane 40.0 1.48 27.6 [36]
15 % Xe, 75 % Ar, 10 % CO, 25.6 5.10 20.2 [36]
19.9 % Xe, 69.4 % Ar,10.7 % CHy | 25.3 5.45 20.3 [36]
24.7 % Xe, 64.6 % Ar, 10.7 % CO, | 25.0 6.00 18.3 [36]
90 % Xe, 10 % CH4 21.7 3.62 33.9 [34,37]
95 % Xe, 5 % CO, 21.6 3.66 31.4 [34,37]

2.3. Choice of the filling gas

There are different choices of the filling gas for every type of ionizing radiation. Because of
the unique features, the family of noble gases is very common. The first of them are the values of
their mass attenuation coefficients y, which characterize how easily the gases could be penetrated
by the radiation. When the radiation passes through the gas, it loses the energy, and this loss is
characterized by the mass-energy absorption coefficients pen. The values of these coefficients for
the most used elements in the proportional gas counters lying in the range of energy from 1 keV
to 100 keV are shown in Figure 7 (the data were collected from [38]).

Despite the fact that the noble gases are very common in the area of the proportional counters,
they are widely used in gas mixtures with other more complex gases. The reason is that they do
not offer large gains without entering into a permanent discharge regime. The quenching gases
(like methane, propane, isobutane or carbon dioxide) are mostly added to the pure noble gas to
transfer the charge from the noble gas molecule to the complex molecules. The most common ratio
is 10 % of the quenching gas and 90 % of the noble gas. The adding of the quenching gas decreases
the dead time of the detector, while the recombination of the noble gas molecules is faster. On the
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Figure 7 (a) The mass attenuation coefficients and (b) the mass-energy absorption coefficients

for several noble gases and other elements used in the proportional gas counters.

other hand, it causes an increase in the high voltage which has to be applied between the electrodes
to obtain the avalanche effect in the detector. It has also a negative impact on the ageing effect of the
detector [39,40]. Different energy ranges E, proton numbers Z, and their positions of K absorption
edges for some noble gases are shown in Table 2 [26].

Table 2 | Energy ranges of utilization and positions of K absorption edges for some noble gases.
Gas Ne Ar Kr | Xe
Z 10 18 36 56

E(kkeV) | 01-4| <10 | >10 | >10
K(keV) | 0.851 | 296 | 126 | 29.7

2.4. Basic properties of proportional gas counters

The advantages of the proportional gas counters application include their low price, relatively
small size, good energy resolution, resistance to the magnetic field, and ease operation. The main
pro- perties of every proportional gas counter are detection efficiency, energy resolution, and res-
olution time of the proportional counter.

2.4.1. Detection efficiency

The detection efficiency is the registration probability of the ionization rays, which go through
the sensitive volume of the counter. The efficiency depends on the type of the gas, its pressure, type
of the ionization rays and the size of the detector. The maximum efficiency (close to 100 %) could be
reached, when the heavy charged particles are detected. On the other hand, the efficiency for other
types of ionization rays (neutrons, X-rays and gamma rays) is distinctly lower (0.001 - 1 %) [26].
The possible reasons are as follows:

a) The particles do not create any ion-electron pairs.

b) There is only a small number of created ion-electron pairs, which do not provide enough
signal. This signal does not exceed the discrimination threshold (the reason could be the
contamination of the filling gas with the gas, which creates the negative ions).

¢) The time interval of the interaction is shorter than the resolution time of the electronics,
which is responsible for the registration (the system requires higher sampling frequency).
In this case, the efficiency decreases with the increasing number of counts.

The lower primary ionization effect (a) and (b) could be also influenced by the high absorption
coefficient of the counter window material. The best solution is to use a material with a low proton
number Z. The most common materials are: aluminum (Z = 13), metalized plastic foil, and beryl-
lium (Z = 4). The beryllium windows are optimal solution from the transparent point of view.
However, the disadvantages of the material are its chemical toxicity, small mechanical resistance
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(it is very brittle), and high price. The thickness of the windows also influences the number of
the ion-electron pairs created by the primary ionization. The typical thicknesses are from one mi-
crometer up to hundreds of micrometers. The optimal thickness and the window material always
depend on the energy of the registered ionization rays.

The detection efficiency e4 could be expressed as

N,
€q(%) = ﬁ:mo, (12)
where N, is the number of counts (detected events) and the N, is the number of emitted pho-

tons, which fall on to the proportional counter.

2.4.2. Energy resolution

Energy resolution is the detector ability to distinguish two different peaks with nearly the same
energy. The shape of the main photopeak of the ionization rays is never characterized by a delta
function, but by the Gaussian function. The reasons are primarily the statistical fluctuation of
the charge creation and noises from the preamplifier (eventually from the linear amplifier). The
Full Width at Half Maximum (FWHM) of the Gaussian function is commonly used to obtain the
energy resolution of the detectors. The energy resolution could be either expressed absolutely (by
the energy unit eV) or relatively by percent of energy corresponding to the maximum position of
the peak in the spectrum. The energy resolution Ry can be written as

FWHM(E
Rg (%) = wmo. (13)
Ep
The value of Rg should be as low as possible for achieving a good energy resolution of the
detector. For example, typical energy resolutions of the proportional counters are 18 % (°°Fe,
5.98 keV), 11.5 % (°"Co, 14.4 keV) and 8.5 % (1%°Cd, 22.1 keV) [26].

2.4.3. Resolution time of the proportional counter

Resolution time of the proportional counter is a very important parameter, as the preamplifier
is proposed for the specific detector. If the proportional counter operates in the spectrometric
mode, a short resolution time (10 - 100 ps) is required. In this case, it is recommended to choose
the time constant in the optimal interval {,e < RC < tc;. Then, t. represents the collecting time
of electrons on the anode and ¢, is the collecting time of positive ions on the cathode. Because
the collection time of electrons is very short (t.. = 1 ns), the first part of the condition is easy to
reach. The electron contribution to the signal is very small, whereas the ions create nearly the
whole signal. The collecting time of the positive ions t,, is defined by the equation

_ pIn(g)
S+ — 2/14+V )

where p is gas pressure, b is the inner radius of the cathode, a is the anode radius, p is the
mobility of positive ions, and V' is the applied voltage [26].

(14)

2.5. Utilization of the proportional gas counters in the Mdssbauer spectroscopy

Because the proportional gas counters provide a good energy resolution, they are commonly
used in the area of Mossbauer spectroscopy. They are widely used for detection of the conversion
electrons emitted from different shells of the atoms (K, L and M) on the surface of the sample. As
the electrons have a short mean free path in the air, the location of the samples is usually inside
the detector [41-43]. The presented proportional detector [44] allows to measure the Mossbauer
spectra by collecting the conversion electrons or the conversion X-rays (6.4 keV) in a temperature
range from 100 to 700 K. Other studies describe the operation of proportional gas counters record-
ing CEMS spectra at low temperatures down to 15 K using different filling gases (pure helium,
He - CH,4, He - H,, He - Ny, He - CO, pure neon or hydrogen) [45-47]. The next solution demon-
strates CEMS analysis at 4.2 K under magnetic field 3 T [48], which is possible only when a pure
helium is used as a filling medium. In addition, a combination of two proportional gas counters
allows the detection of the conversion electrons and the conversion X-rays at the same time [49].
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Itis also possible to use three-chambers (respectively two-chambers) system for recording three
different Mossbauer spectra simultaneously. The three-chambers system consists of the chamber
detecting conversion X-rays, the chamber detecting conversion electrons and the chamber detect-
ing transmitted gamma rays (14.4 keV) [50]. The two-chambers system is based on the cham-
ber detecting both conversion X-rays and backscattered gamma rays (14.4 keV), while the second
chamber serves to detect the conversion electrons [51]. All of these systems are based on a mul-
tiwire gas flow detector using 27 geometry. Furthermore, the sample should be always located
directly in the detector. So it is not possible to measure bulk samples, as this method could be
destructible for these types of samples. To keep the non-destructive feature of Mdssbauer spec-
troscopy for bulk materials, conversion X-rays or backscattered gamma rays could be detected by
a commercial cylindrical proportional gas counter. The detector is located in front of the sample
at the proper angle. The beam from the radiation source has to be well-collimated and should
not incident on the window of the proportional counter. The same type of the detector could be
also used to detect the transmitted gamma rays. This method is suitable for analysis of thin films
or powder materials. If one wants enshrine the high efficiency by keeping the 27 geometry, the
toroidal proportional counters can be used. These types of detectors are described in details in the
next chapter 3.
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3. Toroidal proportional gas counter

The first construction of “toroidal” proportional gas counter for ionization rays detection was
published in 1972 by Keisch [52]. This detector was developed for the purpose of examining works
of art containing iron-bearing pigments. In fact, the detector shape was not a true toroid. While the
ideal toroid is a ring in the cross section, the presented detector [52] is a hexagon. The body of the
detector (cathode) was made from aluminum and the anode (a wire with 25 um in diameter) was
centered via quartz support rods in the middle of the hexagon. The detector windows were made
from nylon and sealed by two O-rings. The window interior was aluminized by using the vacuum
deposition. The shielding of the detector was provided only by lead. As the detector was primarily
designed for the purpose of backscattered gamma rays Mossbauer spectroscopy, the gaseous fill
was a mixture of 90 % krypton and 10 % methane. However, the author recommended using flow
of a mixture of 90 % argon and 10 % methane to register 6.4 keV conversion X-rays while using
an aluminum filter (approximately 250 pm thick) located between the radiation source and the
sample for absorbing the non-resonant X-rays.

Next study [53] introduced the first so called toroidal proportional gas counter, which has a
ring shape (inside a block of aluminum). The anode (20 um diameter gold plated tungsten wire
or 80 um Megapyr wire) was located in the middle of the detector. The detector windows were
fabricated from the organic material — the acetal resin Delrin (Delrin is a registered trademark of
Du Pont) [53]. This material (approximately 500 pm thick) allows to transmit over 92 % of 14.4 keV
gamma rays. The shielding part of the detector was made by using the tungsten and lead discs.
The authors achieved an energy resolution of 25 % (using Megapyr wire) and 20 % (using gold
plated tungsten wire) for 14.4 keV gamma rays, while the Kr-CHy mixture (0.1 MPa) was used.
The extension of this study [54] provided values of absorption for energy in the °"Fe Mossbauer
spectroscopy for three different counting gases (see Table 3).

Table 3 Absorption of 6.4 keV conversion X-rays and 14.4 keV gamma rays in the toroidal
detector with different counting gases (0.1 MPa).
Counting gas Absorption for 6.4 keV | Absorption for 14.4 keV
conversion X-rays (%) gamma rays (%)
90 % Ar + 10 % CH,4 80 16
90 % Kr + 10 % CH4 85 91
45 % Ar + 45 % Kr + 10 % CH4 83 73

With respect to reduction of the 1.8 keV escape of krypton, the mixture of argon, krypton and
methane is more preferable to register 14.4 keV gamma rays.

Other studies [55, 56] presented a “toroidal” proportional gas flow counter filled with 90 %
argon and 10 % methane mixture (0.1 MPa). This detector is a true toroid only from 75 % of its
shape. The anode (supported by eight teflon rods) is shifted by 10 % from the center of the diameter
of the toroidal cross section towards the symmetry axis of the counter to be closer to the sample.
The detector window was made from a metalized plastic foil (mylar) and had flat shape, whereas
the windows presented in [53,54] had a curved shape. In fact, the absorber (sample) is a part of the
detector and has a limited size [55,56]. The energy resolution of this detector for 14.4 keV gamma
rays was determined to be 19 %. The line width for the conversion X-rays Mossbauer spectroscopy
was 0.37 mm/s and for the transmission Mdssbauer spectroscopy 0.47 mm/s. All of the previous
studies [52-56] presented the detectors, whose anode wires are not usually circular but polygonal
and stand on insulated support rods, which could have negative impact on the energy resolution
of the detector. This effect was in details described by Dudkin et al. in [57].

3.1. Design of the counter

The developed prototype of a toroidal proportional gas flow counter (see Figure 8 (a)) [58] has
an ideal toroidal shape (a ring shape in cross section). The outer diameter of the detector is 80 mm.
The detector body forms the cathode (ground state) and it was manufactured from the stainless
steel EN 1.4404 (AISI 316L) using 3D printing technology. This technology (LaserCUSING, layer
thickness of 30-45 pm) allows to create a true toroidal shape with a constant thickness of the cath-
ode wall (in this case, 2.5 mm). The inner diameter of the cathode is 25 mm. In fact, the cathode
consists of two parts, which originate from the horizontal cross section of the toroid.
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Figure 8 (a) Layout of the developed toroidal proportional gas flow counter and (b) anode con-
figuration inside the counter.

The first part of the cathode includes four gaps for the windows. The selection of window
material is crucial as it has a tremendous impact on the detection efficiency of the detector. It
has to transmit as much the 6.4 keV X-rays and the 14.4 keV gamma rays as possible. Thus, the
absorption coefficient of this material for these two energies has to be as low as possible. Because
curved windows are required (see Figure 9), the use of beryllium was rejected by its brittleness,
cost and toxicity. The thin aluminum foils can be contaminated by the trace amounts of iron caused
by their fabrication; hence, all the Mgssbauer spectra observed with these windows will contain a
subspectrum of it. Regarding to this, a plastic foil (mylar) with one side aluminized was chosen as
an ideal material for windows. The conductive side of the plastic foil is located inside the working
volume of the detector. The electrical conductivity between the shell of the detector and the mylar
windows is provided via the carbon conductive glue.

S <= -

Figure 9 | Specific shape of mylar window: (a) layout, (b) front view and (c) side view.

The anode support is mounted in the second part of the cathode. The anode (gold plated
tungsten wire with 50 um diameter) has a circular shape (not polygonal), and it stands on four
plastic columns located in the centre of the detector (see Figure 8 (b)). The anode is carried out
of the detector through a plastic reduction and soldered to the coaxial cable RG-62A /U (93 ohm,
42.5 pF/m) with crimped SHV connector.

Both cathode parts are assembled together and sealed with a two-components putty (Thorlabs’
Vacuum epoxy resin) designed for high vacuum chambers down to 10~ Torr. As shown in Figure
8 (a), the detector is equipped with a gas inlet and gas outlet to fill the detector and for continuous
exchange of the counting gas or a mixture.

3.2. Experimental setup

The proposed experimental setup (see Figure 10) was designed to determinate the parame-
ters of the detector (such as energy resolution via multichannel analysis and detection efficiency),
where gas management with the precise signal processing and data acquisition were provided. As
the detector was tested with different types of counting gases, the pure ones (argon and krypton)
were supplied from commercial flashes. However, the gas mixtures (different concentration of
argon and methane) were prepared by the gas mixer KM 20-200-3ME (WITT). The whole system
of gas tubing (3 mm outer diameter) was fabricated from stainless steel, which does not interact
with the methane. For better comparison of different counting gases, the constant gas pressure
(approximately 0.1 MPa) and almost the same flow rates of the gases were used.
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Figure 10 | Experimental setup used to determinate the parameters of the detector.

The toroidal proportional gas flow counter was supplied by the programmable high voltage
supply HP2.5PAA025 (Applied Kilovolts), which was controlled by the NI USB-6221 card (Na-
tional Instruments). The analog output of this USB multifunction card provided signal (0-10 V),
which set the relevant voltage on the high voltage supply output (0-2500 V). The signal of 1 V
(on the analog output of the multifunction card) corresponds to 250 V (voltage provided by the
high voltage supply). For keeping better stability of the high voltage supply (crucial parameter),
the burn-in process for 24 hours was followed (e.g. long term measurements like obtaining Moss-
bauer spectra). Considering the time and economy (flowing gas), it was not possible to burn-in
the high voltage supply during measuring of the multichannel analysis spectra.

The current pulses with low amplitudes from the detector were converted into the voltage
signal with a high signal-to-noise ratio by the 142PC preamplifier (ORTEC). Then the voltage signal
was amplified by the 572A amplifier (ORTEC) with the shaping time of the pulses, equal to 1 ps.
The fast digitizer NI PCI-5124 (National Instruments) with 8-bits resolution was used to record
the data and the LabVIEW™-based user application [18] to process the data. With regard to the
shaping time of the pulses, the sampling rate of the detector signal was set to 2 MSa/s. The optimal
vertical range of the input channel was set in accordance with the observed pulse amplitudes
(shapes of the obtained pulses are shown in Figure 11).
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Figure 11 (a) Amplified signal from the toroidal proportional gas flow counter using 90.0 % argon

and 10.0 % methane mixture (1400 V) as a counting gas, and (b) detailed view of pulse
shapes.

3.3. Multichannel analysis

Multichannel analysis spectra were measured in the transmission geometry (°"Co radiation
source was directed straight into the detector window and no sample was used during the mea-
surements). The lead plate (with a thickness of 8 mm) was used as a collimator with a hole (10 mm
in diameter) in the center. The multichannel analysis spectra were measured for pure argon, sev-
eral mixtures of argon and methane with different concentration and pure krypton. Because the
first legible peaks occurred above 1100 V, the high voltage range for every gas or gas mixture was
from 1100 V to 1600 V (above this value, the pulse amplitudes were out of vertical range of the
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used digitizer) with a step of 50 V. Every single voltage step of the multichannel analysis was
measured:

a) without filters - all the ionization radiation was detected,
b) with aluminum filter (approximate thickness of 40 um) - this filter shields soft X-rays,

c) with cooper filter (approximate thickness of 40 um) — the cooper filter shields soft X-rays as
well as low-energy gamma rays.

The location of these two types of filters between the radiation source and the detector allows
to distinguish the type of ionization radiation. Tables 4 and 5 summarize the used input channel
vertical ranges of the digitizer NI PCI-5124 for different gases (or gas mixtures) and applied high
voltages.

Table 4 | The used input channel vertical ranges for Kr, Ar and Ar-CH4 mixtures.
Applied Kr Ar 97.5 % Ar, | 95.0 % Ar,
voltage 2.5% CHy | 5.0 % CHy4

1100 V +£04V | £08V +04V +04V
1150 V +£04V | £08V +04V +04V
1200 V +£04V | £08V +08V +08V
1250 V +£08V | £08V +08V +08V
1300 V +£08V | £20V +20V +08V
1350 V £08V | £20V +2.0V +20V
1400 V £20V | £20V +4.0V +40V
1450 V +40V | £40V +4.0V +4.0V
1500 V +£40V | £40V +80V +80V
1550 V £80V | £80V 80V 80V
1600 V £80V | £80V +80V +80V

Table 5 | The used input channel vertical ranges for Ar-CHy mixtures.
Applied || 92.5 % Ar, | 90.0 % Ar, 87.5 % Ar, 85.0 % Ar,
voltage 7.5 % CH4 10.0 % CH4 12.5 % CH4 15.0 % CH4

1100 V +04V +08V +04V +08V
1150 V +£04V +08V +04V +08V
1200 V +08V +08V +08V +08V
1250 V +08V +08V +08V +08V
1300 V 20V +20V +20V +08V
1350 V 20V +20V +20V 20V
1400 V +40V +20V +40V +20V
1450 V 40V +20V +40V +40V
1500 V +£80V +80V +80V +40V
1550 V +80V +80V +80V +80V
1600 V +80V +80V +80V +80V

Considering that every vertical range corresponds to 257 channels in the used application [18],
the channels were recalculated to voltage values to observe the changes of pulse amplitudes. Be-
cause the purity of the gas could also affect the results, the high purity gases were used as counting
gases in the detector (see Table 6). Before the measurements started, the detector was washed by
the given gas for 15 minutes to keep the purity of every single gas (or a gas mixture).

Table 6 | Purity of gases used as counting gases in the detector.
Type of gas | Gas label | Purity (%)
Argon 6.0 > 99.9999
Methane 6.0 > 99.9999
Krypton 5.0 > 99.999
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As all measurements were not realized during one day, the activities A(t) of 5"Co radiation
source (1.85 GBq on 15th of November, 2010) were calculated using the equation 15 for every date
of the realized measurement.

a=a (1)

(15)

where Ay is the initial activity, ¢ is the age of the source and 7 is the half-life of the radionuclide.
The calculated values of the activities in current day of measurement are shown in Table 7. The
uncertainty of + 10 % is given by manufacturer of the radioactive isotope (RITVERC) [7].

Table 7

Activities of °" Co used to compare different counting gases in the toroidal proportional

gus flow counter.

Date of measurement Counting gas Current activity (Bq)
16.3.2018 pure argon 2005769 + 10 %
4.4.2018 97.5 % Ar, 2.5 % CH, 1910898 £ 10 %
4.4.2018 95.0 % Ar, 5.0 % CHy 1910898 £+ 10 %
5.4.2018 92.5 % Ar, 7.5 % CHy 1906 031 £+ 10 %
31.1.2018 90.0 % Ar, 10.0 % CHy, 2243948 + 10 %
5.4.2018 87.5 % Ar, 12.5 % CH, 1906 031 £+ 10 %
16.3.2018 85.0 % Ar, 15.0 % CHy 2005769 + 10 %
6.4.2018 pure krypton 1901177 £ 10 %

As a large amount of data was collected, the multichannel analysis spectra recorded without
any filters are presented below. All the multichannel analysis spectra were collected by René Von-
drasek, B.Sc. within his bachelor thesis [59] (where L. Kouril was his consultant and laboratory
supervisor). The multichannel analysis spectra for the pure argon are shown in Figure 12. The
higher voltage applied between the anode and the cathode causes the increase in pulse ampli-
tudes. At 1200 V, only a small amount of 14.4 keV gamma rays peak is observed. However, at and
above 1200 V, both energies (6.4 keV X-rays and 14.4 keV gamma rays) are distinguished, and the
energy resolution rises with continuous increase in the supplied voltage.
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Figure 12 Multichannel analysis spectra obtained for pure argon, while applying (a) 1100-

1250 V and (b) 1300-1600 V supply voltage.

At high voltage with a value of 1350 V, the characteristic escape peak of argon (3.4 keV) starts to
be visible. In argon or its mixtures with other gases (such as methane), about 15 % of photoelectric
absorptions are followed by the emission of the photon. This secondary photon has a very long
mean free path for absorption. Therefore, it can escape from the detection volume. This process
produces the characteristic peak of argon [25]. The multichannel analysis spectra obtained for the
97.5 % Ar and 2.5 % CHj4 in a mixture are shown in Figure 13.

As it is shown in Figure 13, the multichannel analysis are almost similar to the ones obtained
for pure argon. However, the decrease in vertical range at lower supply voltage (1100-1150 V) and
adding of 2.5 % of methane (quenching gas) caused the better resolution of the 14.4 keV gamma
rays peak. Repeatedly, the characteristic escape peak of argon starts to be distinguished from
1350 V.
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Figure 13 Multichannel analysis spectra obtained for 97.5 % Ar and 2.5 % CHy mixture, while

applying (a) 1100-1250 V and (b) 1300-1600 V supply voltage.

Figure 14 demonstrates the multichannel analysis spectra, which have been measured while
using 95.0 % Ar and 5.0 % CH4 mixture as a counting gas in the detector. This increase in methane
concentration leads to earlier particular visibility of the 6.4 keV X-rays peak (it is nearly visible at
1100 V).
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Figure 14 Multichannel analysis spectra obtained for 95.0 % Ar and 5.0 % CHy mixture, while

applying (a) 1100-1250 V and (b) 1300-1600 V supply voltage.

As shown in Figure 15 (multichannel analysis for 92.5 % Ar and 7.5 % CHy in a mixture), the
next increase in the energy resolution is observed at 1100 V. Moreover, the characteristic escape
peak of argon is barely visible till 1300 V.
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Figure 15 Multichannel analysis spectra obtained for 92.5 % Ar and 7.5 % CHy mixture, while

applying (a) 1100~1250 V and (b) 1300-1600 V supply voltage.

The multichannel analysis spectra for the most common gas mixture (90.0 % of Ar and 10.0 %
of CH,4) used in the area of proportional gas counters are shown in Figure 16. Unfortunately,
the inappropriate option of the vertical range of the input channel (for 1100 V and 1150 V supply

24



voltage) makes the determination of the energy resolution impossible (especially for 6.4 keV X-rays
peak).
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Figure 16 Multichannel analysis spectra obtained for 90.0 % Ar and 10.0 % CH4 mixture, while

applying (a) 1100-1250 V and (b) 1300-1600 V supply voltage.

On the other hand, the detector high voltage working area for this gas mixture is probably
higher than 1150 V. Figure 17 presents the multichannel analysis spectra for the 87.5 % Ar and
12.5 % CH4 mixture. While using this gas mixture as a counting gas, the first evidence of the
characteristic escape peak argon appears at 1200 V.

000y 30000
25000 ) 24000
20000
Y 18000
15000 £ £
3 aviv 12000 5
10000 & A VI H 8
5000 a4 \'\ 00
_ yav L / / . / / / / PR
7750 4 / / 7 4 7 7 7 7 P4 4
5 / 7 5
g AN g
i > 7 s
B ) &
70 5 7 Va ~ 50 35
= / ‘/\(—-«. - . =
T \/ - \/ T 7250 \/ \/ T T T U \/ Y 7Zeo0
04 05 06 07 08 10 20 30 40 50 60 70 80
amplitude (V) amplitude (V)

Figure 17 Multichannel analysis spectra obtained for 87.5 % Ar and 12.5 % CH4 mixture, while

applying (a) 1100~1250 V and (b) 1300-1600 V supply voltage.

The last analyzed gas mixture was 85.0 % of Ar and 15.0 % of CHy. Its multichannel analysis
spectra are demonstrated in Figure 18. The results are similar to those, which were observed using
the 87.5 % Ar and 2.5 % CH4 mixture. The escape peak is barely visible from 1200 V and the energy
resolution increases with the increase in the supplied voltage.
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amplitude (V) amplitude (V)

Multichannel analysis spectra obtained for 85.0 % Ar and 15.0 % CH4 mixture, while
applying (a) 1100-1300 V and (b) 1350-1600 V supply voltage.

Figure 18
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Multichannel analysis spectra obtained with pure krypton as counting gas are shown in Figure
19. While the pure krypton is used, the detector achieves higher energy resolution than with pure
argon or its mixtures with methane. The first evidence of the characteristic escape peak of krypton
(1.8 keV) is at 1400 V supply voltage. The origin of this escape peak is the same as the one for
characteristic escape peak of argon, which was described above. All the measured multichannel
analysis spectra prove that with an increase of supply high voltage, the amplitudes of the pulses
grow. It leads to a strong dependence of pulse amplitudes on the stability of the used high voltage
supply, which is supported by the Diethorn expression 10.

nnnnn

0.4 0.5 0.6 0.7 5.0 6.0 7.0 8.0

amplitude (V) amplitude (V)

Figure 19 Multichannel analysis spectra obtained for pure krypton, while applying (a) 1100—
1300 V and (b) 1350-1600 V supply voltage.

3.4. Energy resolution

Energy resolution Rg, for different counting gases was determined from the multichannel ana-
lysis spectra shown in Figures 12-19. As the energy resolution depends on the FWHM (see equa-
tion 13) all the observed full energy peaks (6.4 keV and 14.4 keV) were fitted by the classical Gaus-
sian function defined as

(e-2c)?

y=uyo+ Ae =2, (16)

where yj is an offset, A is an amplitude, z. is a center of the peak and w is a width. The FWHM
was calculated using the equation

FWHM = 2wVIn4. (17)
All the parameters shown in Figure 20 demonstrates typical Gaussian function.
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Figure 20 | Gaussian function parameters of the fitted peak.

The background compensation was properly provided by the LabVIEW™-based application
[60], which is based on the methods used in the commercial spectroscopy systems (ORTEC, CAN-
BERRA). This linear background compensation method is shown in Figure 21 (the 14.4 keV gamma
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rays peak obtained with pure krypton at 1350 V). The red line (see Figure 21 (a)) represents the
background compensation of the experimental data. Afterwards, the background data are sub-
tracted from the recorded spectra and the corrected experimental data are fitted by the Gaussian
function (see Figure 21 (b)). The fit quality could be determined by R? value (also known as coef-
ficient of determination; ideal fit gives R*> = 1). R? value rises with more parameters introduced,
but this does not imply a better fit. The adjusted Ridj. value accounts for the degrees of freedom
and it is a better measure of the fit precision. Hence, this parameter is used for determination
of fit qualities below. In this case, the Rgdj' value is 0.99545, which means that the residual data

(residual sum of squares) of the fit are 0.455 %. For all calculations, the Origin™-software was
used.

(a) 4000+ (b) 3000+
experimental data =  corrected data
35004 —— background compensation 25004 : fit
3000 .
2500 - . 2000 .
é 2000 . ) ] é 1500
© 1500+-=22 . " o
3 . 3 1000 R% =0.99545
1000 .. . \ R
4 r
500 500 . .
- L ™
50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78
channels channels
Figure 21 Full energy peak of the 14.4 keV gamma rays obtained for krypton at 1350 V: (a) linear

background compensation and (b) fit of the corrected data.

Whereas the full energy 14.4 keV gamma peak is simple to fit by one Gaussian function, the
5TFe X-rays full energy peak theoretically consists of three Gaussian functions in the obtained mul-
tichannel analysis spectra. The probability of different X-rays emissions and their energies are
determined by the decay scheme of 5Fe (see Table 8) [7].

Table 8 | Probabilities of X-rays emissions from ®"Fe.
Type of X-rays | Energy (keV) | Probability of emission
Fe Xkoa 6.40384 16.8 £0.3 %
Fe Xka2 6.39084 33.24+0.5%
Fe Xkp 7.058 — 7.108 71+£02%

Basically, it is impossible to achieve enough high energy resolution for distinguishing these low
energy differences by using the proportional gas counters. However, their presence affects the fit
quality Rgdj_ value. Thus, it is necessary to fit the X-rays full energy peak area at least by using two
Gaussian functions. The Fe Xk 1 and Fe Xk« energies are very close (the difference between them
is only 0.013 keV) and their centers correspond to almost same channels in multichannel analysis
spectra. On the other hand, the energy difference between Fe Xkg and Fe Xkq» is in the range from
0.66716 keV to 0.71716 keV, so the Fe Xk can affect the right side of the total fit. Moreover, at 1200 V
and above (for argon and its mixtures), a next peak has to be added to the fitted data, because the
escape peak of argon (3.4 keV, created by Fe Xk «) starts to occur. The argon gamma rays absorption
probability (see Table 3) and K fluorescence yield of argon (wx is in the range from 0.08 to 0.14 [61])
are low, so escape peak created by gamma rays was not observed in the multichannel analysis
spectra. In fact, K fluorescence yield wy determinates the probability of escape peak creation. The
krypton escape peak (wk is in the range from 0.62 to 0.67 [62]) has lower energy (1.8 keV, created
by the 14.4 keV gamma rays) and is not included in the fitting data. The condition for the escape
peak production is that ionization rays energy has to be higher than the absorption edge of the
given gas. The K absorption edge of krypton is 14.32 keV (3.20 keV for argon), so no escape peak is
created by Fe Xk«. Figure 22 (a) demonstrates theoretical fit distribution (including argon escape
peak) of different X-rays types in the recorded multichannel analysis spectrum for 95.0 % Ar and
5.0 % CH4 mixture at 1450 V. Subsequently, Figure 22 (b) shows real fit of this spectrum using three
Gaussian functions, which were used to determine energy resolution of the toroidal proportional
gas counter for X-rays detection.
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Figure 22 (a) Theoretical fit distribution of the multichannel analysis spectrum obtained for
95.0 % Ar and 5.0 % CHy mixture at 1450 V and (b) real fit by using three Gaussian

functions.

Energy resolution of the detector was determined separately for the X-rays (Fe Xx«1 and Fe
Xk a2, counted at 6.4 keV) and for the full peak of 14.4 keV gamma rays. The energy resolution Rg
values together with the Ridj. values calculated for pure argon are shown in Figure 23.
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Figure 23 Energy resolution R and quality of the fit R,,, while using pure argon as a counting

gas for (a) the 6.4 keV X-rays and (b) the 14.4 keV gamma rays.

Unfortunately, the Gaussian fits qualities (especially for 14.4 keV) were very low. It is given by
the non-stability of pure argon as a counting gas. The quenching gas is usually added to this noble
gas to ensure each pulse discharge termination. As it is shown in Figure 24 (the energy resolution
and appropriate Rfdj‘ values for 97.5 % Ar and 2.5 % CH, mixture), adding of the quenching gas
also decreases the energy resolution value.

It is necessary to mention that some data (especially for 1100 V and 1600 V) are missing. It
is caused by the low value of high voltage, which does not provide enough electron-ion pairs for
signal creation or by the high influence of the noise to the signal. The energy resolution values
with appropriate Rfdj_ values for 95.0 % Ar and 5.0 % CH4 mixture are shown in Figure 25.

From the calculated energy resolution values, it is clear that high voltage has a big impact on
them. An increase in supplying high voltage leads to the drop of energy resolution value. Some
deviation between the high voltage steps are caused by changing of the digitizer input channel
vertical range, which was considered as an experimental error. Each increase in the vertical range
causes an artificial increase of the energy resolution value. Because the number of channels was
always constant (257, in the range of 128 channels), the coefficient of the voltage value per chan-
nel grows with widening the vertical range. This fact has a negative impact on all the recorded
multichannel analysis spectra. Figure 26 presents the energy resolution values and the Rgdj_ values
calculated for 92.5 % Ar and 7.5 % CHy in a mixture.

The fit quality of the 6.4 keV X-rays (given by Rgdj_ value) is basically higher than the one ob-
tained for the 14.4 keV gamma rays. One of the possible reasons is that Compton scattering be-
comes dominant at descending edge of the 14.4 keV gamma rays peak and Compton edge has a
negative effect on the resultant fit. This phenomena was observed in all the recorded multichan-

28



(@) 42

404

384

R, (%)
R’_’

adj

1

I e |

Figure 24

high voltage (V)

1.000
0998
099
0.994
0992
099
0988
0.986

~0.984

0.982

284 T T T T T T T T 0.980
1150 1200 1250 1300 1350 1400 1450 1500 1550 1600

(b)

R, (%)

24

22

204

184

16+

144

124

10

R, (%)
RZ

adj

high voltage (V)

T T u T u T T T 0.
1150 1200 1250 1300 1350 1400 1450 1500 1550

1.000
0.980
0.960
0.940
0920
0900
0.880 %
0.860

40.840

0.820
800

Energy resolution Rg and quality of the fit Rtfd].' while using 97.5 % Ar and 2.5 %
CH, mixture as a counting gas for (a) the 6.4 keV X-rays and (b) the 14.4 keV gamma

rays.

404

38

R, (%)
RZ

adj

Figure 25

high voltage (V)

1.000
0.998
0.996
0.994
0.992
0990
0.988 ‘7;“’
0.986
0.984
0.982

284 T T T T T T T T 0.980
1150 1200 1250 1300 1350 1400 1450 1500 1550 1600

(b)

R, (%)

30

28

26+
24+
224
20+
184
16
14+
124
10

R, (%)
RZ

adj

high voltage (V)

T T u T T T T T 0.
1150 1200 1250 1300 1350 1400 1450 1500 1550

1.000
0.950
0.900

0.850 .
o E

0.800 &

0.750

700

Energy resolution Rg and quality of the fit Rfd;, while using 95.0 % Ar and 5.0 %
CH, mixture as a counting gas for (a) the 6.4 keV X-rays and (b) the 14.4 keV gamma

rays.

R, (%)
RZ

adj.

Figure 26

high voltage (V)

1.000
0.995
0.990
0.985
0980 .
o ®
0.975 &

0.970

—0.965

244 T u T u T T T T 0.960
1150 1200 1250 1300 1350 1400 1450 1500 1550 1600

(b)

R, (%)

28

260

244
224
204
18+
16+
144
124
104

8

6

R, (%)
R

adj.

high voltage (V)

4 T T T T T T T 0.
1150 1200 1250 1300 1350 1400 1450 1500 1550

1.000
0.980
0.960
0.940
0.920
0.900 .
0.880 “‘J‘
0.860
0.840
0.820
800

Energy resolution Rg and quality of the fit Rfd].‘ while using 92.5 % Ar and 7.5 %
CHy mixture as a counting gas for (a) the 6.4 keV X-rays and (b) the 14.4 keV gamma

rays.

nel analysis spectra. The energy resolution values with appropriate Rfdj_ values of the fit for the

90.0 % Ar and 10.0 % CHy4 gas mixture are shown in Figure 27.

The increase in the methane concentration (up to 10.0 %) in the Ar-CH, gas mixtures leads to
the decrease in energy resolution values. The comparison of energy resolution values in Figures
27,28 (87.5 % Ar and 12.5 % CHy), and 29 (85.0 % Ar and 15.0 % CHy) proves that additional
increase in the methane concentration (over 10.0 %) slightly increases the energy resolution values
(especially for the 6.4 keV X-rays).
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While the Rfd].' values of the Gaussian fit for argon and its mixtures with methane were typically
in the range from 0.9000 to 0.9800 (the full energy 14.4 keV gamma rays peak), the Rgdj_ values

appropriating to the same energy peak obtained for krypton as a counting gas were always higher
than 0.9800 (see Figure 30). It is probably caused by a higher absorption probability of the 14.4 keV
gamma rays (see Table 3). Other reason could be a lower energy resolution values leading to better
distinction of Compton edge. Thus, it can be excluded from full energy peak and has no influence
on the fit.
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Figure 30 Energy resolution R and quality of the fit R;,; while using pure krypton as a counting

gas for (a) the 6.4 keV X-rays and (b) the 14.4 keV gamma rays.

There is a decreasing trend of all energy resolution values with increasing high voltage value.
Generally, the quality of the fit Rfdj. > 0.99 for the 6.4 X-rays fit was reached in almost all the cases.
This means that the amount of the residual data excluding the fit were lower than 1 %. The same
fit quality was achieved for 14.4 keV gamma rays peak (only when krypton was used as a counting
gas). Table 9 summarizes minimum reached energy resolution values Rx (for 6.4 keV X-rays) and
R, (for 14.4 keV gamma rays) with appropriate Rgdj' values for all the tested counting gases.

Table 9 Minimum reached energy resolution values Rx and R, with appropriate Rfd].‘ values
for all tested counting gases.
Counting gas Rx Rfdj. (forRx) | R, dej_ (for R,)
pure argon 37 % 0.99350 16 % 0.72751

97.5 % Ar, 2.5 % CH; | 33 % 0.99530 15 % 0.96948
95.0 % Ar, 5.0 % CHy | 34 % 0.99545 17 % 0.98508
92.5% Ar,7.5 % CHy | 32 % 0.99536 12 % 0.94471
90.0 % Ar, 10.0 % CH, | 31 % 0.99561 12 % 0.92100
87.5 % Ar,12.5 % CHy | 31 % 0.99292 13 % 0.96031
85.0 % Ar, 15.0 % CHy | 32 % 0.99501 15 % 0.97527

pure krypton 28 % 0.99227 15 % 0.99538

While the minimum achieved energy resolution value for 6.4 keV X-rays (Rx = 28 %) was
reached when the pure krypton was used as a counting gas, the maximum value (Rx = 37 %) was
determined for pure argon. Adding quenching gas (methane) to argon decreases this value and
the lowest energy resolution value (Rx = 31 %) was obtained when the gas mixture was 90.0 % of
Ar and 10.0 % of CHy. This gas mixture ratio was found as the best one as in [56,58,63]. The same
energy resolution value for 6.4 keV X-rays was reached when using the 87.5 % Ar and 12.5 % CH,
mixture as a counting gas. On the other hand, minimum energy resolution value for the 14.4 keV
gamma rays (R, = 12 %) was observed when 92.5 % Ar and 7.5 % CHj in a mixture (the same
value for 90 % Ar, 10 % CH, mixture) was used as a counting gas. The lowest energy resolution
value for krypton was R, = 15 %. The published toroidal proportional counters [53,55,56] have
energy resolution for the 14.4 keV gamma rays (energy resolution values for the 6.4 keV X-rays
are not mentioned) in the range from 25 % to 19 %. The toroidal proportional gas flow counter
developed within this dissertation thesis reached energy resolution values for the same energy
peak in the range from 17 % to 12 %, while various types of gases were used as counting gases.

3.5. Energy proportionality

The characteristic escape peak of argon (at 1250-1300 V and above, see Figures 12-18) appears
in the multichannel analysis spectra, and its energy of 3.4 keV is commonly known [25]. For kryp-
ton, the escape peak has lower energy i.e., 1.8 keV [54], and it starts to appear at 1450 V and above
(see Figure 19). With respect to this fact, energy proportionality of the detector could be benefi-
cially determined by using one radiation source (in this case, 5"Co). The peak maximum channel
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positions were obtained from the previous Gaussian fits (chapter 3.4). These values correspond to
the energies given by the °"Co decay scheme (i.e., the 6.4 keV X-rays, the 14.4 keV gamma rays and
relevant escape peaks of used counting gas). Because energy distribution should be proportional,
pulse amplitudes (represented by the channel number) the dependence of on energy values has
to be linear. Therefore, the data were fitted by using the simple equation

y = a+ bz, (18)

where the a is y-intercept and b is line slope. The linear regressions of the energy distribution
for pure argon and a 97.5 % Ar and 2.5 % CH4 mixture are shown in Figure 31. In fact, energy
proportionality is determined by the Rgdj‘ value, which represents the linear regression quality

(perfect one with R, = 1).
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Figure 31 Linear regression of energy distribution for (a) pure argon and (b) 97.5 % Arand 2.5 %
CHy mixture.
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Figure 32 Linear regression of energy distribution for (a) 95.0 % Ar, 5.0 % CHy mixture and (b)

92.5 % Ar, 7.5 % CHy4 mixture.

When using pure argon or its mixture with 2.5 % of methane, energy proportionality deviation
never exceeded 0.5 %. The same non-linearity was achieved by using the 92.5 % Ar and 7.5 % CH,4
mixture (see Figure 32 (b)). For the 95.0 % Ar and 5.0 % CH,4 gas mixture (see Figure 32 (a)), this
deviation was in the range from 0.5 % to 1.5 %. These energy proportionality deviations Rfdj‘ are
shown in Figure 33.

The linear regression for the applied voltage of 1600 V is not presented in Figures 31-33, because
the residual data of Gaussian fit reached high values and maximum positions were loaded by high
deviation. The linear regressions of energy distribution obtained for the 90.0 % Ar, 10.0 % CH,
and 87.5 % Ar, 12.5 % CH4 gas mixtures are shown in Figure 34.

Figure 35 (a) presents the linear regression of the energy distribution when the 85.0 % Ar and
15.0 % CH4 gas mixture was used as a counting gas. Because the characteristic escape peak of
krypton appears at a high voltage equal to 1450 V and above, the linear regression of energy distri-
bution is presented only in the range from 1450 V up to 1600 V for pure krypton (see Figure 35 (b)).
The lowest energy proportionality deviations from all the tested counting gases were achieved for
pure krypton (R? > 0.999, see Figure 36 (b)).
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Figure 35 Linear regression of the energy distribution for (a) 85.0 % Ar, 15.0 % CH4 mixture
and (b) pure krypton.

Free gap occurred in all calculated linear regressions between larger individual voltage steps.
It was caused by the vertical range change, which was necessary to perform for all required peaks
observation. The developed toroidal proportional gas flow counter achieved high proportionality
in the energy region from 1.8 keV to 14.4 keV, where the energy proportionality deviation was
in almost all cases lower than 1 % for pure argon and its mixtures with methane (0.1 % for pure
krypton). Due to this, the detector is able to work properly in the spectroscopic mode, which
requires high energy proportionality.
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Figure 36 Energy proportionality deviations for (a) 90.0 % Ar, 10.0 % CHy and 87.5 % Ar,

12.5 % CH,4 mixtures and (b) 85.0 % Ar, 15.0 % CHy mixture and pure krypton.

3.6. Detection efficiency

Detection efficiency €4 of every radiation detector is defined as a ratio of the registered photon
events number (sum of counts in the given discrimination window N.) and the theoretical num-
ber of emitted photons N, incidental on the detector window (see equation 12). The detection
efficiency values were calculated via processing the data collected in the chapter 3.3. Firstly, the
theoretical numbers of emitted photons Nex and N, were calculated for every analyzed counting
gas. The number of emitted photons was calculated by using the source activities presented in Ta-
ble 8 and probabilities of different photon emissions (a sum of emission probabilities is shown in
Table 8 for the 6.4 keV X-rays including the 7.0 keV X-rays, and probability of the 14.4 keV gamma
photon emission is 9.15+0.17 % [7]). Because of the used geometry for recording the multichannel
analysis spectra (see Figure 37), the simple point source approximation was calculated to correct
the emitted photon number incidental on the counter.

shielding lead plate (8 mm)
with hole as a collimator (d = 10 mm)

radiation source ("Co)

area of radiation rays

toroidal detector

Figure 37 Layout of the geometry used for recording the multichannel analysis spectra, with ap-
proximate percentage of incidental photons on the counter window (4.6 %).

All the multichannel analysis spectra were recorded during 50 s (real time). The summary of
Nex and Ney, for all used counting gases is shown in Table 10.

The number of registered photon events was calculated as the sum of the counts in the relevant
discrimination window. For argon and its mixtures, the 6.4 keV X-rays discrimination windows
also cover the escape peak (if observed), as it should be a valid detection of X-ray photon. The
krypton 1.8 keV escape peak was added to valid detection of the 14.4 keV gamma rays. Detection
efficiencies were calculated for manually determined discrimination windows (total sum of counts
in the relevant window, see Figure 38 (a)) and also for the same window with the linear background
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Table 10

| Theoretical number of emitted photons N.x and N, for all tested counting gases.

Counting gas

NeX

Ney

pure argon 2634176 £ 10 % | 419807 £ 10 %
97.5 % Ar, 2.5 % CH, || 2509582 & 10 % | 399951 £ 10 %
95.0 % Ar, 5.0 % CHy || 2509582 10 % | 399951 + 10 %
92.5 % Ar, 7.5 % CH, || 2503191 & 10 % | 398932 £ 10 %

90.0 % AI‘, 10.0 % CH4

2946977 £ 10 %

469658 + 10 %

87.5 % AI‘, 12.5 % CH4

2503191 £ 10 %

398932 £ 10 %

85.0 % AI‘, 15.0 % CH4

2634176 £ 10 %

419807 £ 10 %

2496815 £ 10 %

397916 £ 10 %

pure krypton

compensation (sum of the background counts were subtracted from the total sum of counts, see
Figure 38 (b)).
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(@) —* experimental data (b) —=— experimental data
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30000 discrimination window (6.4 keV) 30000 discrimination window (6.4 keV)
25000 25000 4
n [}
*g' 20000+ -g' 20000 +
© 15000+ © 15000+
o 9
10000 10000 4
5000 5000
o u u B -1

A L S B B B B B S | L L AL AL A B B B B B | T
8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

channels channels

Figure 38 The 6.4 keV X-rays discrimination window (90.0 % Ar, 10.0 % CHy, including argon
escape peak) for calculating detection efficiency using (a) all counts in the window and

(b) linear background compensation to correct the counts number.

Detection efficiencies were determined for the whole range of supplying high voltage (usually
in the interval of 1150-1600 V, if both peaks were observed). The detection efficiencies for pure
argon and its mixture with 2.5 % methane are shown in Figure 39.
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Figure 39 | Detection efficiency for (a) pure argon and (b) 97.5 % Ar and 2.5 % CHy mixture.

In both cases the detection efficiency values grows with the increase of the supplying high volt-
age. It is also obvious that even a small addition of quenching gas (methane) has a positive impact
on the X-rays detection efficiency value (when all counts are summed in the discrimination win-
dow). However, this effect is achieved by applying higher supplying voltage (1350 V and above).
There is also a rapid decrease in the detection efficiency, when the linear background compensa-
tion is applied for all the tested counting gases. Detection efficiency of the 14.4 keV gamma rays
was basically much lower than the one obtained for the 6.4 keV X-rays. The detection efficiencies
for 95.0 % Ar, 5.0 % CHy and 92.5 % Ar, 7.5 % CH4 mixtures are shown in Figure 40.
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Figure 40 Detection efficiency for (a) 95.0 % Ar, 5.0 % CHy and (b) 92.5 % Ar, 7.5 % CHy
mixtures.

Generally, detection efficiency values of the 14.4 keV gamma rays decreases with higher supply-
ing voltage. This effect could be explained by a lower energy resolution, so a part of the Compton
scattering edge is included in the discrimination window. Figure 41 displays calculated detection
efficiencies for 90.0 % Ar, 10.0 % CH,4 and 87.5 %, 12.5 % CH,4 mixtures.
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Figure 41 Detection efficiency for (a) 90.0 % Ar, 10.0 % CHy and (b) 87.5 % Ar, 12.5 % CHy
mixtures.

Further addition of the quenching gas improves the stability of detection efficiency. Especially,
if the lower methane concentrations (2.5 — 7.5 %) are used, the initial detection efficiency value
fluctuations are not so significant. Figure 42 demonstrates detection efficiencies for 85.0 % Ar,
15.0 % CH, mixture and pure krypton.
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Figure 42 | Detection efficiency for (a)85.0 % Ar, 15.0 % CHy mixture and (b) pure krypton.
As it can be deduced from Table 3, pure krypton has the highest detection efficiency for both

ionization rays from all the tested counting gases. The 1.8 keV krypton escape peak was completely
hidden in the noise till 1400 V. However, its appearance at 1450 V causes a rapid increase of the
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14.4 keV gamma rays detection efficiency. Table 11 provides a summary of the highest calculated
detection efficiencies ¢4 and detection efficiencies with background compensation eg.

Table 11 Summary of the highest detection efficiencies ez, and detection efficiencies with back-
ground compensation e .

Counting gas eax (%) | eqy (%) | eax (%) | eary (%)
pure argon 8.9 5.6 6.8 1.2
97.5 % Ar, 2.5 % CH,4 9.2 4.8 5.5 1.6
95.0 % Ar, 5.0 % CH,4 9.3 48 5.7 1.7
92.5 % Ar, 7.5 % CH, 9.4 4.7 59 21
90.0 % Ar, 10.0 % CH, 8.5 5.1 6.1 14
87.5 % Ar, 12.5 % CH, 9.0 4.8 5.8 1.9
85.0 % Ar, 15.0 % CH, 8.4 53 6.5 1.8
pure krypton 10.9 36.8 5.9 10.6

The determined accuracy for all the detection efficiency values was 10 % from the calculated
value. In fact, this accuracy value eliminates any possibility to determine the best counting gas for
X-rays regarding the detection efficiency. However, optimal counting gas for the 14.4 keV gamma
rays detection is definitely pure krypton reaching up to seven times higher detection efficiency
value than pure argon or any of its mixtures with methane.

3.7. Utilization in Méssbauer spectroscopy

The toroidal proportional gas flow counter has been primarily designed for the purpose of
the conversion X-rays 5“Fe Mossbauer spectroscopy (especially for analysis of the bulk material
surfaces). On the other hand, it is also possible to use it for the transmission Mossbauer spec-
troscopy, when the 14.4 keV gamma rays are registered. In both cases, the experimental setup was
modified by adding the velocity driver and the analog feedback [20]. The rest of the experimental
setup remains the same as shown in Figure 10. The detection parts of the assembled Méssbauer
spectrometers in both geometries are demonstrated in Figure 43.

PID regulation PID regulation
8 Mbssbauer Méssbauer &
fransducer spectrometer spectrometer transducer
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- 8 i) o,
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g g
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shielding (lead)l IS | shielding (lead) E E
N\ L0 20
@ @

NN
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(@) (b)

Figure 43 Detection part of the Mdssbauer spectrometer in the (a) backscattering geometry and
(b) transmission geometry.

As the counting gas, the 90.0 % argon and 10.0 % methane gas mixture was used as it is less
expensive compared to the krypton usage. This selected mixture of gases provides the best energy
resolution (31 % for the 6.4 keV X-rays and 12 % for the 14.4 keV gamma rays, see chapter 3.4). The
gas pressure was approximately 0.1 MPa (identical as in all the multichannel analysis measured
in chapter 3.3).

It was verified that the optimal high voltage value is 1400 V (compromise between energy res-
olution and detection efficiency). Before first 5"Fe Mossbauer spectrum recording, multichannel
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analysis spectra (see Figure 44) were measured in both geometries using aluminum and copper
foil filters. Multichannel analysis spectrum in the backscattering geometry (see Figure 44 (b)) was
recorded when a block of the austenitic stainless steel EN 1.4541 (AISI 321) was used as a sample.
In this case, the filters were placed on all four detector windows.

(b) 12000
(a) so00 without filter without filter
7000 - - -~ aluminum filter 100004 - - - - aluminum filter
e000df . TYer | 1t  b64akeVv e copper filter
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5000
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E  4000] g 6000
5
S 3000 escape 8 40004
2000} P
) 2000 -
1000 “\- 144 keV 144 keV
S T e e 0o
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
channels channels
Figure 44 Multichannel analysis spectra in the (a) transmission geometry and (b) backscattering

geometry.

Aluminum filters are commonly used in the area of CXMS to reduce the number of lower e-
nergy X-rays emitted from the source. These low-energy X-rays are non-resonant and decrease the
resonance effect € and the statistical quality () of the recorded Mossbauer spectrum. The statistical
quality @ is given by the equation

Q= 6+2N(oo), (19)

where N (c0) is the number of counts far from the resonance [64]. A series of aluminum filters
with different thicknesses d were placed behind the radiation source (see Figure 43) to evaluate the
influence of resonant and non-resonant X-rays. The backscattering °"Fe Mossbauer spectra were
obtained for the same period of time (1 hour) for the same sample (a block of the austenitic stainless
steel EN 1.4541 (AISI 321)). Then, the data were processed via the MossWinn fitting software [65].
Figure 45 shows the dependence of the calculated effect, statistical quality and the count rate on
the thickness of the aluminum filter.
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Figure 45 The dependence of the (a) Mdssbauer effect and count rate and (b) statistical quality on

the aluminum filter thickness.

For increasing the resonant effect and the statistical quality for the practical applications, it
is necessary to choose the optimal thickness of the filter. To keep the high count rate and the
filtration of some non-resonant X-rays, a 10 um thick aluminum filter was used for the following
measurements in the backscattering geometry.

Figure 46 (a) represents the °"Fe Mdssbauer spectrum of the calibration sample «-Fe, whereas
the conversion X-rays (6.4 keV) were registered. The line width was determined as 0.258 mm/s
and the resonance effect was 9.3 &+ 0.5 %. The obtained spectrum of the austenitic stainless steel
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block EN 1.4541 (AISI 321) is shown in Figure 46 (b) with the resonance effect of 22.8 0.5 %. Both

spectra were recorded for 24 hours.
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Figure 46

5TFe Mdssbauer spectra obtained by registration of the 6.4 keV conversion X-rays using

the toroidal detector of the (a) x-Fe and (b) austenitic stainless steel EN 1.4541 (AISI
321).

Figures 47 (a) and (b) demonstrate that the developed detector also allows to register low en-
ergy gamma rays. However, the resonance effect was very low, i.e., 3.2£0.5 % in the backscattering
geometry (72 hours spectrum) and 17.3 £ 0.5 % in the transmission geometry (1 hour spectrum).

Both spectra were obtained for the calibration sample «-Fe.
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5TFe Mdssbauer spectra of the o-Fe obtained by registration of the low energy gamma
rays (14.4 keV) using the toroidal detector in the (a) backscattering geometry and (b)

transmission geometry.
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4. Cylindrical proportional gas counter

As the toroidal shaped proportional gas flow counter (described in the previous chapter 3) is
not a very appropriate choice for the purpose of the transmission Mossbauer spectroscopy (only
one of four counter windows is used), a cylindrical counter geometry can substitute unnecessarily
complicated toroidal shape. The simplest cylindrical proportional counter design has been already
described in Figure 5 (see chapter 2).

4.1. Design of the cylindrical counter

The cylindrical proportional gas counter (see Figure 48) was formed by 120 mm long aluminum
cylindrical cathode (with an outer diameter of 40 mm, inner diameter of 24 mm). It enclosed
central anode (gold plated tungsten wire with a diameter of 50 um). The anode was supported only
by one ABS plastic column (its distance from counter window was approximately 12 mm), as the
anode central position was fixed by the ABS plastic reduction located in the rear counter cover. The
anode wire was soldered to the coaxial cable RG-62A /U (93 ohm, 42.5 pF/m) with crimped SHV
female connector. Front and rear cylindrical cathode sides included grooves for O-rings (26x1,
where the inner diameter was 26 mm and the ring thickness was 1 mm) for better counter sealing.
The detector window had lateral location and was made from aluminized mylar foil. This window
was curved for keeping the cylindrical counter shape (90° sector) and was 40 mm long. In fact, the
mylar foil copied the inner wall shape of the cylindrical cathode. The conductive mylar window
layer was located in the counter working volume. Electrical conductivity between the aluminum
cylinder and the mylar window was provided by the carbon conductive glue. The counter window
was sealed with a two-components putty (Thorlabs” Vacuum epoxy resin) to prevent gas leakages.
Both (rear and front) covers were fixed by using four M3 screws for properly O-rings work. Due
to the possibility of some gas leakages, this proportional gas counter was designed to work in the
continuous flow mode using the gas inlet and outlet.

gas outlet 120 mm
. O-ring
cathode mylar window
SR A |
& % 8
: | L
g 0 | anode !
=+ ¢ oy
H.A i - A
(e mZ AL A
anode reduction
gas inlet O-ring anode support
(@ (b)
Figure 48 | Designed cylindrical proportional gas counter: (a) basic layout and (b) cross section.

4.2. Experimental setup and basic parameters

With respect to the observation and experiences obtained with toroidal proportional gas flow
counter in chapter 3, the experimental setup was modified for testing the cylindrical proportional
gas flow counter. As most possible utilization of this counter is in the area of the transmission
Mossbauer spectroscopy, pure krypton (approximate pressure of 0.1 MPa) was chosen as a count-
ing gas (best detection efficiency for low gamma rays from the tested gases — see chapter 3.6). The
detector was supplied by the very stable high voltage supply 556 (ORTEC). The current pulses
were converted into the voltage signal with a high signal-to-noise ratio by the 142PC preampli-
fier (ORTEC). Consequently, the low voltage signal was amplified (the gain was set to x5 and the
shaping time 0.5 us) by the 575A amplifier (ORTEC). The amplified signal was recorded by the
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fast digitizer NI PCI-5124 (National Instruments) and processed by the LabVIEW™-based user
application [18]. The proposed experimental setup is shown in Figure 49.

data acquisition and processin
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high voltage 3 preamplifier pulse-shaping
supply 3 amplifier
""""""""" signal processing
Figure 49 | Experimental setup for testing cylindrical proportional gas flow counter.

As no quenching was added to pure krypton, registered pulses from the detector were slightly
longer (see Figure 50) than the ones obtained using the toroidal proportional gas counter filled
with a mixture of argon and methane (see Figure 11 in chapter 3.2).
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Figure 50 (a) Amplified signal from the cylindrical proportional gas flow counter using pure

krypton (1550 V) as a counting gas, and (b) detailed view of pulse shapes.

Multichannel analysis spectra were recorded in the transmission geometry, while *’Co radia-
tion source (1.85 GBq on 18th October, 2013 with a current activity of approximately 22 MBq) was
directed straight to the detector window. No samples were used during these measurements. The
real time period of the sampled signal was 25 s. Brass disc (with a thickness of 10 mm) was used
as collimator with 10 mm diameter hole. Aluminum and copper filters were used to determine
the energy arrangement. High voltage supply range was from 1200 V to 1750 V with a step of
50 V. As shown in Figure 51 (a), the low energy gamma rays full energy peak started to appear
exactly at 1200 V with a very dominant Compton edge. With further high voltage supply increase,
the 6.4 keV X-rays started to be visible (vaguely at 1250 V, clearly at 1300 V and above). The first
evidence of the 1.8 keV krypton escape peak was at 1450 V. Next increase of the supplying high
voltage caused better krypton escape peak resolution. The digitizer vertical range was constantly
set to +0.8 V for multichannel analysis spectra recording shown in Figure 51 (a). In the high volt-
age supply range of 1600-1650 V (1700-1750 V respectively), the digitizer vertical range was £2 V
(£4 V respectively). The multichannel analysis spectra obtained in these ranges are shown in Fig-
ure 51 (b). Because of the large amount of data collected, only the multichannel analysis spectra
recorded without filters are presented below.
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Figure 51 Multichannel analysis spectra recorded using the cylindrical proportional gas flow
counter with krypton as a counting gas, while applying (a) 1200-1550 V and (b) 1600-
1750 V supply voltage.

Figure 52 shows multichannel analysis spectra at 1500 V using aluminum and copper filter
(located between radiation source and cylindrical proportional gas flow counter), where the spec-
trum recorded with aluminum filter confirms the energy arrangement and the 1.8 keV krypton
escape peak gamma registration validity.
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Figure 52 | Multichannel analysis spectra at 1500 V recorded with aluminum and copper filter.

Energy resolution Rg values were determined for both types of ionization rays (the 6.4 keV
X-rays and the 14.4 keV gamma rays). All the experimental data were corrected by the linear
background compensation presented in chapter 3.6. Consequently, the full energy peaks were
fitted by the Gaussian function and the FWHM parameters were calculated. The energy resolution
values for X-rays with appropriate Ridjv values are shown in Figure 53 (a) (in Figure 53 (b) for
gamma rays respectively).

The minimum achieved energy resolution value for the 6.4 keV X-rays was 26 % (Rgdj_ =
0.99877). This value is 2 % lower in comparison with the minimum value obtained for toroidal
proportional gas flow counter in chapter 3.4 (Rx = 28 %, Rgdj' = 0.99227). On the other hand, the
minimum energy resolution value for the 14.4 keV (R, = 19 %, Rfdj' = 0.99741) was 4 % higher
than the one obtained for the toroidal detector (R, = 15 %, dej. = 0.99538). As another high
voltage supply was used in this experimental setup, this energy resolution value increase could
be caused by longer high voltage supply stabilization. Pulse amplitudes strongly depend on the
high voltage and even small high voltage shift can change the amplitude and widen the full energy
peak in the multichannel analysis spectrum.

For choosing optimal high voltage supply, detection efficiency was presented via count rates in
the discrimination windows corresponding to different energies in Figure 54. Because the 1.8 keV
krypton escape peak should be a valid detection of the 14.4 keV gamma photon, it is recommended
to use high voltage supply > 1500 V (> 1550 V in case of the 6.4 keV X-rays registration, for which
an enormous count rate increase is observed).
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Figure 54 Count rates for the 6.4 keV X-rays, the 14.4 keV gamma rays, and the 1.8 keV krypton

escape peak.

As it is shown in Figure 54, the 1.8 keV krypton escape peak forms a significant gamma photon
registration part (approximately 40 % of the total gamma rays registration). Table 12 demonstrates
percentage representation of the 14.4 keV full energy gamma photon peak and the 1.8 keV krypton
escape peak in total gamma registration.

Table 12 Percentage representation of the 14.4 keV gamma full energy gamma photon peak and
the 1.8 keV krypton escape peak in total gamma registration.

high voltage (V) || 1.8 keV escape peak | 14.4 keV gamma full energy peak
1500 42 % 58 %
1550 38 % 62 %
1600 39 % 61 %
1650 43 % 57 %
1700 39 % 61 %

4.3. Escape peak influence on the Mossbauer spectrum

For completing the transmission Mossbauer spectrometer, the experimental setup (see Figure
49) was modified by adding velocity driver, PID controller [20], and the function generator 33521 A
(Agilent Technologies). Complete transmission Mossbauer spectrometer experimental setup us-
ing a cylindrical proportional gas flow counter is shown in Figure 55. The other parts of the ex-
perimental setup remains the same as shown in Figure 49.

Three *"Fe Mdossbauer spectra of the a-iron (with different discrimination windows shown
in Figure 56) were recorded simultaneously for the same period of time (116 hours). The first
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discrimination window (1) covers 1.8 keV krypton escape peak pulse amplitudes, the second one
(2) 14.4 keV gamma full energy peak and the third one (3) uses both of them (sum of (1) and (2)).
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Figure 55 Transmission Mdssbauer spectrometer using the cylindrical proportional gas flow
counter.
10000
9000 -
8000 -
1)
7000 47
6000
£ 50004
2 4000
© 3000
2000 -
1000
0 T T T T T T T T T
10 20 30 40 50 60 70 80 90 100
channel
Figure 56 The 1.8 keV krypton escape peak discrimination window (1) and the 14.4 keV full en-

ergy gamma peak discrimination window (2).

Figure 57 (a) demonstrates the > Fe Mdssbauer spectrum of the calibration sample «-Fe, while
the discrimination window (1) covers counts corresponding to the 1.8 keV krypton escape peak.
The line width was determined to be 0.306 mm/s and the resonance effect was 30.4 £ 0.5 %. Si-
multaneously recorded 5"Fe Mossbauer spectrum using the 14.4 keV gamma full energy peak dis-

crimination window (2) is shown in Figure 57 (b). In this case, the line width was 0.289 mm/s and
the resonance effect was 31.7 + 0.5 %.
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Figure 57 5TFe Mdssbauer spectra of the o-Fe obtained with cylindrical proportional gas flow

counter while using (a) the 1.8 keV krypton escape peak discrimination window and
(b) the 14.4 keV gamma full energy peak discrimination window.
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The last >”Fe Mossbauer spectrum (see Figure 58) was recorded when both discrimination win-
dows were used for registering the gamma rays. The line width was 0.306 mm /s and the resonance

effect was 30.9 + 0.5 %.
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Figure 58 5TFe Mdssbauer spectrum of the o-Fe obtained with cylindrical proportional gas flow

counter while both discrimination windows were used.

Table 13 summarizes the line widths (LW), resonance effects e, statistical qualities () (see equa-
tion 19), count rates, and base lines of the presented 5"Fe Mdssbauer spectra in Figures 57 and 58.
To conclude, if the studied sample contains low amount of iron, it is recommended to use both
discrimination windows (higher count rate). However, if more precise resolution is required, it is
better to use only the 14.4 keV gamma full energy peak discrimination window. This long term
measurement also proves that about 48 % of the 14.4 keV gamma photon registration is followed
by creation of the 1.8 keV krypton escape peak.

Table 13 Parameters of the o-Fe M0ssbauer spectra recorded while using different discrimina-
tion windows.
discrimination window || LW (mm/s) | € (%) Q count rate (1/s) | base line (counts)
1.8 keV 0.306 304 | 17838 328 276734
14.4 keV 0.289 31.7 | 17026 348 292570
1.8 keV and 14.4 keV 0.306 30.9 | 34828 676 569416
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Conclusion

The presented toroidal proportional gas flow counter has been primarily designed for the pur-
pose of the conversion X-rays Mossbauer spectroscopy for analyzing the surfaces of the bulk ma-
terials. With respect to the toroidal shape of the detector, it is able to register soft energy X-rays
and low-gamma rays in almost 27 geometry with sufficient efficiency.

Several proportional gas counter parameters were determined for different counting gases. The
90.0 % argon and 10.0 % methane mixture provides the lowest energy resolution value (Rx = 31 %
and R, = 12 %) from the whole tested argon-methane mixture spectrum. Regarding the error lev-
els of detection efficiency values calculation, it is impossible to determine the optimal gas mixture
for the 6.4 keV X-rays registration. On the other hand, pure krypton offers the lowest energy res-
olution value for X-rays (Rx = 28 %) from all tested counting gases. It was also proved that pure
krypton is the most efficient counting gas (from the tested group of gases) for both ionization
rays, especially for the 14.4 keV gamma rays, where detection efficiency is approximately seven
times higher than in the case of argon or any of its mixtures with methane. Generally, pure noble
gases are not very appropriate choices as counting gases, because detector pulses are quite long.
It is more advantageous to add some more complex gases (like methane) to ensure that every
pulse discharge was successfully terminated. This leads to detector pulse shortening, which can
be considered as an advantage when high active radiation sources are used. On the other hand, it
could also lead to detection efficiency value decrease (it can reduce the number of created pulse
discharges).

The energy arrangement was confirmed by recording some 5"Fe Mossbauer spectra in chapter
3.7. It was also verified that usage of an aluminum filter (at least 10 pm) can improve the statistical
quality of the backscattering Mossbauer spectra. The utilization of the lead shielding (see Figure
43 (a)) was observed as a crucial task as it reduces the saturation of the detector and increases the
energy resolution of the detector. However, more optimized solution of stacked plate shielding
arrangement [54] would probably improve its performance.

The presented detector is easy to handle and its main advantage is that it does not require any
sample preparations to measure backscattering Mossbauer spectra. The detector could be also
used to register low-energy gamma rays. In this case it could find an application in the transmis-
sion Mdssbauer spectroscopy or the backscattering gamma Mossbauer spectroscopy.

This detector is also an essential part of the “Austenitemeter” device, which enables fast and
non-destructive determination of residual austenite amount in steels. Because of this, the detector
is still upgraded to achieve the highest performance. The actual version (its technical drawing in
Czech language and 3D model - available only in electronic version - are shown in appendixes 1-3)
is made from dural using the CNC technology. As it contains two O-rings between both cathode
parts, it prevents more gas leakages. Nowadays, this version already successfully operates in the
laboratories of the Department of Experimental Physics (Palacky University in Olomouc). Next
step of the development will be focused on the detector and the whole Austenitemeter shielding
to enhance its implementation by private companies.

For the purpose of the transmission Mssbauer spectroscopy, it is more optimal using the cylin-
drical proportional gas flow counter. The calibration sample «-Fe Mossbauer spectra recorded
when using this detector proved 1.8 keV krypton escape peak being a valid detection of 14.4 keV
gamma photon. In this case, it could be successfully used to improve the statistical spectra quality
and count rate. On the other hand, it slightly decreases the resonance effect and increases the line
width. This is probably caused by a higher noise influence, as pulse amplitudes corresponding to
1.8 keV krypton escape peak are lower than the pulses belonging to 14.4 keV gamma full energy
peak. This advantage of escape peak could be also exploited by using argon or its mixtures in the
conversion X-rays Mdssbauer spectroscopy (e.g. when using the toroidal proportional gas flow
counter).
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Strucné shrnuti v ceském jazyce

Prezentovany priitokovy toroidni proporciondlni plynovy detektor byl primarné navrzen pro
tcely Mossbauerovy spektroskopie konverzntho RTG zéfeni, ktera slouzi k analyze povrchu ob-
jemnych vzorkt. Diky svému toroidnimu tvaru je detektor schopen registrovat mékké RTG zéteni
a nizkoenergetické gama zafeni téméf v 27 geometrii s dostate¢nou tcinnosti.

Detektor byl testovan s riiznymi plynovymi ndplnémi, pro které bylo nésledné urceno néko-
lik provoznich parametrti detektoru. Minimalni hodnota energetického rozlieni pro RTG zafeni
6,4 keV Rx = 31 % a pro gama zafeni 14,4 keV R, = 12 % byla urc¢ena pro smés 90.0 % argonu
a 10.0 % metanu (ze skupiny smési argonu s metanem, pfipadné ¢istého argonu). Z pohledu de-
tek¢ni G¢innosti nebylo moZné urcit nejoptimalné&jsi smés plyni pro registraci konverzniho RTG
zateni (6,4 keV) pfedevsim diky velké chybé pfi urcovani hodnot detekéni Gi¢innosti. S ¢istym
kryptonem bylo dosaZeno nejnizsi hodnoty energetického rozliseni RTG zafeni (Rx = 28 %) ze
vsech testovanych plynt (smési). Bylo také prokdzéano, ze pravé pouzitim kryptonu lze dosah-
nout nejvyssi detekéni Gcéinnosti (ze skupiny vSech testovanych plynii) pro oba druhy ionizujictho
zafeni, pfedevsim vSak pro nizkoenergetické gama zéteni, kde byla dosaZena pfiblizné sedmkrat
vy$si hodnota detekéni ti¢innosti nez u argonu p¥ipadné jakékoliv jeho smési s metanem. Obecné
v8ak vzacné ¢isté plyny nejsou piilis vhodnou volbou pro plnéni detektort, jelikoz délky impulza
z detektoru jsou relativné dlouhé. Je mnohem vyhodnéjsi pfidat k jednoduchym molekuldm vzac-
ného plynu slozitéjsi molekuly zhasecitho plynu (napf. metanu). Tento zhaSeci plyn p¥i sprdvné
koncentraci dokéze zajistit, aby kazdy pulzni vyboj byl fadné ukoncen. Tento efekt vede ke zkra-
ceni udélosti (impulz(t) v detektoru, které je Zddouci pfedevsim pii pouZiti aktivnéjsich zdroji
ionizujictho zafeni. Na druhou stranu, tento efekt miize samoziejmé zabranit vzniku nékterych
sekundarnich ionizaci a tim tak sniZit i¢innost detektoru.

Naméfend mossbauerovskd spektra jednoznacéné potvrzuji spravné urcent jednotlivych energif
v mnohokanalovych spektrech. Bylo také ovéfeno, Ze pouZiti hlinikového filtru (tloustky alespon
10 um) pozitivné ovlivni statistickou kvalitu moéssbauerovského spektra v geometrii zpétného
rozptylu. Velmi vyznamnou roli hraje také olovnéné stinéni, jelikoZ zabratiuje presyceni detek-
toru a také zvySuje energetické rozliSeni detektoru. Nicméné skladané destickové stinéni podle
Schaafa [54] by mohlo jesté vice vylepsit vlastnosti detektoru.

Hlavni vyhodou prezentovaného detektoru je, Ze pro méfeni mossbauerovskych spekter ve
zpétném rozptylu neni potfeba méfené vzorky nijak pfipravovat. Kromé toho je mozné detektor
pouzit i v transmisni Méssbauerové spektroskopii k registraci nizkoenergetického gama zafeni.

Tento detektor tvofi velmi vyznamnou ¢ast zafizeni “Astenitometr”, které umoziuje rychlé
a nedestruktivni uréeni zbytkového austenitu v ocelich. Z tohoto diivodu je tento detektor stale
vylepSovan za ticelem dosdhnuti nejlepsich parametrti. Aktudlni verze je vyrobena z duralu po-
moci CNC obrédbécich strojii. Mezi obémi ¢astmi katody jsou umistény navic dva O-krouZzky, které
zabranuji vétsim dniktm detekéniho plynu. V této dobé je tato verze jiZ plné vyuZzivdna v labora-
tofich Katedry experimentalni fyziky (Univerzita Palackého v Olomouci). Dalsi krok vyvoje bude
zaméfen na stinéni detektoru a samotného Austenitometru pro jeho $ir$i vyuziti v komeréni sféfe.

Vyhodnéjsi volbou pro tcely transmisni Mossbauerovy spektroskopie je pouziti priitokového
vélcového proporciondlniho plynového detektoru. Méfeni kalibra¢nich méssbauerovskych spek-
ter o-Fe prokazala, Ze unikovy pik kryptonu (1,8 keV) je platnou detekci gama fotonu o energii
14,4 keV. V tomto piipadé jej Ize vyhodné pouZit a zvysit tak statistickou kvalitu spektra a ¢itact
rychlost. Na druhou stranu vyuziti tinikového piku mirné snizuje rezonan¢ni efekt a také zvysuje
$itku ¢ary (snizuje rozliSeni spektrometru). To je pravdépodobné zptisobeno vétsim vlivem sumu
na signdl, jelikoz amplitudy impulzt odpovidajici inikovému piku kryptonu (1.8 keV) jsou nizsi
neZ ty, které odpovidaji piku tipIné absorpce gama zafeni o energii 14,4 keV. Vyhody tinikového
piku mohou byt vyuZity i pfi pouZiti argonu (pfipadné jeho smési) v Mossbauerové spektroskopii
zpétného rozptylu (napf. pfi pouziti priitokového toroidniho proporciondlniho plynového detek-
toru).
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Appendix 1. Front side of the detector (technical drawing)
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Appendix 2. Back side of the detector (technical drawing)
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Appendix 3. Detector body (3D model)
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Abstract

This thesis presents a new prototype of a toroidal proportional gas flow
counter. This detector has been developed to be used in the Mdssbauer
spectroscopy for characterizing the surfaces of the iron bearing samples.
The presented proportional counter allows to register both conversion
X-rays (6.4 keV) and the backscattered gamma rays (14.4 keV) in the
almost 2 geometry with the sufficient efficiency. This thesis demon-
strates the structure description of the detector, its basic features for dif-
ferent counting gases (pure argon, its mixtures with different methane
concentrations, and pure krypton) and also the optimization process of
its use in the backscattering Mossbauer spectroscopy. Despite that the
detector could be used in the transmission M&ssbauer spectroscopy as
well, this thesis also describes more optimized choice for the transmis-
sion geometry - cylindrical proportional gas flow counter.

Abstrakt

Tato prace pfedstavuje novy prototyp prutokového toroidniho propor-
ciondlniho plynového detektoru. Tento detektor byl vyvinut pro tcely
charakterizace povrchii Zelezo obsahujicich vzorkt pomoci Méssbauero-
vy spektroskopie. Pfedstavovany proporcionalni detektor umoZiuje re-
gistraci jak konverznitho RTG zafeni (6,4 keV) tak i zpétné odrazeného
gama zafeni (14,4 keV) v téméf 27 geometrii s dostatecnou tcinnosti.
Tato prace demonstruje popis konstrukce detektoru, jeho zdkladni para-
metry pro rtizné ¢itaci plyny (Cisty argon, smési argonu s metanem v
riznych koncentracich a ¢isty krypton) a proces optimalizace pro pouZiti
v Mossbauerové spektroskopii zpétného rozptylu. PrestoZe tento de-
tektor by mohl byt stejné tak pouzit v transmisni Mdssbauerové spek-
troskopii, tato prace také popisuje pritokovy valcovy proporciondlni
plynovy detektor, ktery je vyhodnéjsi volbou pro tento typ transmisni
geometrie.



Contents

Introduction

1. Proportional gas counters for Mossbauer
spectroscopy

2. Toroidal proportional gas counter

2.1.
2.2.
2.3.
24.
2.5.
2.6.
2.7.

Designof thecounter . . . . ... .............
Experimentalsetup . . . ... ...............
Multichannel analysis . . . . ... .............
Energy resolution . . ... ... ....... ... ....
Energy proportionality . . .. ... ... ... ......
Detection efficiency . . . ... ....... ... .....
Utilization in Mossbauer spectroscopy . . . . . ... ..

3. Cylindrical proportional gas counter

3.1. Design of the cylindrical counter . . . ... ... ....

3.2.  Experimental setup and basic parameters . . . ... ..

3.3.  Escape peak influence on the Mossbauer spectrum . . .
Conclusion

Strucné shrnuti v ceském jazyce

References

List of publications

40

42

46



Introduction

Gas filled ionization detectors belong to the oldest types of instru-
ments used in the area of nuclear physics. Their low price, adjustment
to different experimental conditions (including low and high tempera-
tures, non-sensitivity to external magnetic field, dimension versatility,
etc.), ability to register almost all types of charged particles (even X and
y-rays) makes them very common in nuclear physics community.

Proportional gas counters appeared in late 1940s and became very
popular in wide area of nuclear techniques requiring spectrometric de-
tector regime (distinguishing particle energy). About twenty years later
(after discovery of Mdssbauer effect in 1958) proportional gas counters
found their utilization in Mdssbauer spectroscopy covering large group
of Mossbauer effect observations. Nowadays they are commonly used
especially in the backscattering " Fe Mossbauer spectroscopy techniques.

The main aim of this dissertation thesis is to introduce a new toroidal
proportional gas flow counter prototype enabling the 6.4 keV X-rays and
the 14.4 keV gamma rays registration in almost 2w geometry. It took
three years to develop structure and design of the toroidal proportional
gas flow counter for meeting all specified conditions. All the prototype
versions were printed by 3D printers (the first one even from plastic
material and painted by carbon conductive glue). Despite that many
versions (including different materials, anode configuration, safety high
voltage connector housing, window shapes, etc.) have been tested, the
best one is presented in this dissertation thesis. The toroidal propor-
tional gas counter was tested with different counting gases (pure ar-
gon, pure krypton and argon-methane mixtures with different concen-
tration) for optimization counter parameters (such as energy resolution
and detection efficiency). Consequently, this counter was tested for the
conversion X-rays, backscattering gamma and transmission 5“Fe Moss-
bauer spectroscopy.

For the purpose of the transmission "Fe Mdssbauer spectroscopy,
the toroidal proportional gas counter was replaced by the cylindrical
one. This counter was filled by pure krypton, whose escape peak is usu-
ally described as its disadvantage. However, this thesis demonstrates
that this “disadvantage” could be also beneficial.



1. Proportional gas counters for Mossbauer
spectroscopy

Because the proportional gas counters provide a good energy reso-
lution, they are commonly used in the area of Méssbauer spectroscopy.
They are widely used for detection of the conversion electrons emitted
from different shells of the atoms (K, L and M) on the surface of the
sample. As the electrons have a short mean free path in the air, the lo-
cation of the samples is usually inside the detector [1-3]. The presented
proportional detector [4] allows to measure the Mossbauer spectra by
collecting the conversion electrons or the conversion X-rays (6.4 keV)
in a temperature range from 100 to 700 K. Other studies describe the
operation of proportional gas counters recording CEMS spectra at low
temperatures down to 15 K using different filling gases (pure helium,
He - CHy, He - Hy, He - N, He - CO, pure neon or hydrogen) [5-7]. The
next solution demonstrates CEMS analysis at 4.2 K under magnetic field
3 T [8], which is possible only when a pure helium is used as a filling
medium. In addition, a combination of two proportional gas counters
allows the detection of the conversion electrons and the conversion X-
rays at the same time [9].

It is also possible to use three-chambers system for recording three
different Mossbauer spectra simultaneously. The three-chambers sys-
tem consists of the chamber detecting conversion X-rays, the chamber
detecting conversion electrons and the chamber detecting transmitted
gamma rays (14.4 keV) [10]. Whole system is based on a multiwire gas
flow detector using 27 geometry. Furthermore, the sample should be
always located directly in the detector. So it is not possible to mea-
sure bulk samples, as this method could be destructible for these types
of samples. To keep the non-destructive feature of Mossbauer spec-
troscopy for bulk materials, conversion X-rays or backscattered gamma
rays can be detected by a commercial cylindrical proportional gas counter.
The detector is located in front of the sample at the proper angle. The
beam from the radiation source has to be well-collimated and should
not incident on the window of the proportional counter. The same type
of the detector could be also used to detect the transmitted gamma rays.
This method is suitable for analysis of thin films or powder materials. If
one wants enshrine the high efficiency by keeping the 27 geometry, the
toroidal proportional counters can be used.



2. Toroidal proportional gas counter

The first construction of “toroidal”” proportional gas counter for ion-
ization rays detection was published in 1972 by Keisch [11]. This detec-
tor was developed for the purpose of examining works of art containing
iron-bearing pigments. In fact, the detector shape was not a true toroid.
While the ideal toroid is a ring in the cross section, the presented detec-
tor [11] is a hexagon. The body of the detector (cathode) was made from
aluminum and the anode (a wire with 25 um in diameter) was centered
via quartz support rods in the middle of the hexagon. The detector win-
dows were made from nylon and sealed by two O-rings. The window
interior was aluminized by using the vacuum deposition. The shielding
of the detector was provided only by lead. As the detector was primar-
ily designed for the purpose of backscattered gamma rays Mossbauer
spectroscopy, the gaseous fill was a mixture of 90 % krypton and 10 %
methane. However, the author recommended using flow of a mixture of
90 % argon and 10 % methane to register 6.4 keV conversion X-rays while
using an aluminum filter (approximately 250 pum thick) located between
the radiation source and the sample for absorbing the non-resonant X-
rays.

Next study [12] introduced the first so called toroidal proportional
gas counter, which has a ring shape (inside a block of aluminum). The
anode (20 pm diameter gold plated tungsten wire or 80 um Megapyr
wire) was located in the middle of the detector. The detector windows
were fabricated from the organic material — the acetal resin Delrin (Del-
rin is a registered trademark of Du Pont) [12]. This material (approxi-
mately 500 pm thick) allows to transmit over 92 % of 14.4 keV gamma
rays. The shielding part of the detector was made by using the tungsten
and lead discs. The authors achieved an energy resolution of 25 % (using
Megapyr wire) and 20 % (using gold plated tungsten wire) for 14.4 keV
gamma rays, while the Kr-CHy mixture (0.1 MPa) was used. The ex-
tension of this study [13] provided values of absorption for energy in
the >"Fe Mossbauer spectroscopy for three different counting gases (see
Table 1).

With respect to reduction of the 1.8 keV escape of krypton, the mix-
ture of argon, krypton and methane is more preferable to register 14.4 keV
gamma rays.

Other studies [14, 15] presented a “toroidal” proportional gas flow



Table 1 Absorption of 6.4 keV conversion X-rays and 14.4 keV gamma
rays in the toroidal detector with different counting gases

(0.1 MPa).
Absorption for Absorption for
Counting gas 6.4 keV conversion | 14.4 keV gamma
X-rays (%) rays (%)
90 % Ar, 10 % CH, 80 16
90 % Kr, 10 % CH, 85 91
45 % Ar, 45 % Kr, 10 % CH,y 83 73

counter filled with 90 % argon and 10 % methane mixture (0.1 MPa).
This detector is a true toroid only from 75 % of its shape. The anode
(supported by eight teflon rods) is shifted by 10 % from the center of
the diameter of the toroidal cross section towards the symmetry axis of
the counter to be closer to the sample. The detector window was made
from a metalized plastic foil (mylar) and had flat shape, whereas the
windows presented in [12,13] had a curved shape. In fact, the absorber
(sample) is a part of the detector and has a limited size [14, 15]. The
energy resolution of this detector for 14.4 keV gamma rays was deter-
mined to be 19 %. The line width for the conversion X-rays Mossbauer
spectroscopy was 0.37 mm/s and for the transmission Mossbauer spec-
troscopy 0.47 mm/s. All of the previous studies [11-15] presented the
detectors, whose anode wires are not usually circular but polygonal and
stand on insulated support rods, which could have negative impact on
the energy resolution of the detector. This effect was in details described
by Dudkin et al. in [16].

2.1. Design of the counter

The developed prototype of a toroidal proportional gas flow counter
(see Figure 1 (a)) [17] has an ideal toroidal shape (a ring shape in cross
section). The outer diameter of the detector is 80 mm. The detector
body forms the cathode (ground state) and it was manufactured from
the stainless steel EN 1.4404 (AISI 316L) using 3D printing technology.
This technology (LaserCUSING, layer thickness of 30-45 pm) allows to
create a true toroidal shape with a constant thickness of the cathode wall
(in this case, 2.5 mm). The inner diameter of the cathode is 25 mm. In



fact, the cathode consists of two parts, which originate from the hori-
zontal cross section of the toroid.

mylar window

gas inlet

anode reduction

anode support

(@) (b)

Figure 1 (a) Layout of the developed toroidal proportional gas flow
counter and (b) anode configuration inside the counter.

The first part of the cathode includes four gaps for the windows. The
selection of window material is crucial as it has a tremendous impact
on the detection efficiency of the detector. It has to transmit as much
the 6.4 keV X-rays and the 14.4 keV gamma rays as possible. Thus, the
absorption coefficient of this material for these two energies has to be as
low as possible. Because curved windows are required (see Figure 2),
the use of beryllium was rejected by its brittleness, cost and toxicity. The
thin aluminum foils can be contaminated by the trace amounts of iron
caused by their fabrication; hence, all the M&ssbauer spectra observed
with these windows will contain a subspectrum of it. Regarding to this,
a plastic foil (mylar) with one side aluminized was chosen as an ideal
material for windows. The conductive side of the plastic foil is located
inside the working volume of the detector. The electrical conductivity
between the shell of the detector and the mylar windows is provided via
the carbon conductive glue.

The anode support is mounted in the second part of the cathode. The
anode (gold plated tungsten wire with 50 um diameter) has a circular
shape (not polygonal), and it stands on four plastic columns located in
the centre of the detector (see Figure 1 (b)). The anode is carried out
of the detector through a plastic reduction and soldered to the coaxial
cable RG-62A /U (93 ohm, 42.5 pF/m) with crimped SHV connector.

Both cathode parts are assembled together and sealed with a two-
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Specific shape of mylar window: (a) layout, (b) front view and
(c) side view.

Figure 2

components putty (Thorlabs” Vacuum epoxy resin) designed for high
vacuum chambers down to 10~° Torr. As shown in Figure 1 (a), the
detector is equipped with a gas inlet and gas outlet to fill the detector
and for continuous exchange of the counting gas or a mixture.

2.2. Experimental setup

The proposed experimental setup (see Figure 3) was designed to de-
terminate the parameters of the detector (such as energy resolution via
multichannel analysis and detection efficiency), where gas management
with the precise signal processing and data acquisition were provided.

As the detector was tested with different types of counting gases, the
pure ones (argon and krypton) were supplied from commercial flashes.
However, the gas mixtures (different concentration of argon and methane)
were prepared by the gas mixer KM 20-200-3ME (WITT). The whole sys-
tem of gas tubing (3 mm outer diameter) was fabricated from stainless
steel, which does not interact with the methane. For better comparison
of different counting gases, the constant gas pressure (approximately
0.1 MPa) and almost the same flow rates of the gases were used.

The toroidal proportional gas flow counter was supplied by the pro-
grammable high voltage supply HP2.5PAA025 (Applied Kilovolts), which
was controlled by the NI USB-6221 card (National Instruments). The
analog output of this USB multifunction card provided signal (0-10 V),
which set the relevant voltage on the high voltage supply output (0-
2500 V). The signal of 1 V (on the analog output of the multifunction
card) corresponds to 250 V (voltage provided by the high voltage sup-
ply). For keeping better stability of the high voltage supply (crucial pa-
rameter), the burn-in process for 24 hours was followed (e.g. long term
measurements like obtaining Mossbauer spectra). Considering the time

10



gas management data acquisition and processing

‘ ‘

digitizer

. detector

high voltage preamplifier pulse-shaping
supply amplifier

signal processing

Figure 3 Experimental setup used to determinate the parameters of the

detector.

and economy (flowing gas), it was not possible to burn-in the high volt-
age supply during measuring of the multichannel analysis spectra.

The current pulses with low amplitudes from the detector were con-
verted into the voltage signal with a high signal-to-noise ratio by the
142PC preamplifier (ORTEC). Then the voltage signal was amplified by
the 572A amplifier (ORTEC) with the shaping time of the pulses, equal
to1 us. The fast digitizer NI PCI-5124 (National Instruments) with 8-bits
resolution was used to record the data and the LabVIEW™-based user
application [18] to process the data. With regard to the shaping time of
the pulses, the sampling rate of the detector signal was set to 2 MSa/s.
The optimal vertical range of the input channel was set in accordance
with the observed pulse amplitudes (shapes of the obtained pulses are
shown in Figure 4).

2.3. Multichannel analysis

Multichannel analysis spectra were measured in the transmission ge-
ometry (°"Co radiation source was directed straight into the detector
window and no sample was used during the measurements). The lead
plate (with a thickness of 8 mm) was used as a collimator with a hole
(10 mm in diameter) in the center. The multichannel analysis spectra
were measured for pure argon, several mixtures of argon and methane
with different concentration and pure krypton. Because the first legible
peaks occurred above 1100 V, the high voltage range for every gas or gas
mixture was from 1100 V to 1600 V (above this value, the pulse ampli-
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Figure 4 (a) Amplified signal from the toroidal proportional gas flow
counter using 90.0 % argon and 10.0 % methane mixture
(1400 V) as a counting gas, and (b) detailed view of pulse
shapes.

tudes were out of vertical range of the used digitizer) with a step of 50
V. Every single voltage step of the multichannel analysis was measured:

a) without filters - all the ionization radiation was detected,

b) with aluminum filter (approximate thickness of 40 um) - this filter
shields soft X-rays,

c) with cooper filter (approximate thickness of 40 um) — the cooper
filter shields soft X-rays as well as low-energy gamma rays.

The location of these two types of filters between the radiation source
and the detector allows to distinguish the type of ionization radiation.
Considering that every vertical range corresponds to 257 channels in the
used application [18], the channels were recalculated to voltage values to
observe the changes of pulse amplitudes. Because the purity of the gas
could also affect the results, the high purity gases were used as counting
gases in the detector (see Table 2). Before the measurements started, the
detector was washed by the given gas for 15 minutes to keep the purity
of every single gas (or a gas mixture).

As all measurements were not realized during one day, the activi-
ties A(t) of 57Co radiation source (1.85 GBq on 15th of November, 2010)
were calculated using the equation 1 for every date of the realized mea-
surement.

12



Table 2 | Purity of gases used as counting gases in the detector.

Type of gas | Gas label | Purity (%)
Argon 6.0 > 99.9999
Methane 6.0 > 99.9999
Krypton 5.0 > 99.999
1\
A(t) = Ag <2> : 1

where Ay is the initial activity, ¢ is the age of the source and 7 is the
half-life of the radionuclide. The calculated values of the activities in
current day of measurement are shown in Table 3. The uncertainty of
+ 10 % is given by manufacturer of the radioactive isotope (RITVERC)
[19].

Table 3 Activities of ®"Co used to compare different counting gases in
the toroidal proportional gas flow counter.

Date of
measurement
16.3.2018 pure argon 2005769 = 10 %
4.4.2018 97.5 % Ar, 2.5 % CHy 1910898 + 10 %
4.4.2018 95.0 % Ar, 5.0 % CHy 1910898 + 10 %
5.4.2018 92.5 % Ar, 7.5 % CHy 1906 031 + 10 %
31.1.2018 90.0 % Ar, 10.0 % CH,4 2243948 + 10 %
+
+
+

Counting gas Current activity (Bq)

5.4.2018 87.5 % Ar, 12.5 % CHy 1906 031 £ 10 %
16.3.2018 85.0 % Ar, 15.0 % CHy 2005769 + 10 %
6.4.2018 pure krypton 1901177 £ 10 %

As a large amount of data was collected, the multichannel analysis
spectra recorded without any filters are presented below. All the multi-
channel analysis spectra were collected by René Vondrasek, B.Sc. within
his bachelor thesis [20] (where L. Kouril was his consultant and labora-
tory supervisor). The multichannel analysis spectra for the pure argon
are shown in Figure 5. The higher voltage applied between the anode
and the cathode causes the increase in pulse amplitudes. At 1200 V, only

13



a small amount of 14.4 keV gamma rays peak is observed. However, at
and above 1200 V, both energies (6.4 keV X-rays and 14.4 keV gamma
rays) are distinguished, and the energy resolution rises.
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Figure 5 Multichannel analysis spectra obtained for pure argon, while
applying (a) 11001250 V and (b) 1300-1600 V supply voltage.

At high voltage with a value of 1350 V, the characteristic escape peak
of argon (3.4 keV) starts to be visible. In argon or its mixtures with other
gases (such as methane), about 15 % of photoelectric absorptions are
followed by the emission of the photon. This secondary photon has a
very long mean free path for absorption. Therefore, it can escape from
the detection volume. This process produces the characteristic peak of
argon [21]. The multichannel analysis spectra obtained for the 97.5 %
Ar and 2.5 % CHy, in a mixture are shown in Figure 6.
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Figure 6 Multichannel analysis spectra obtained for 97.5 % Ar and
2.5 % CHy mixture, while applying (a) 1100-1250 V and (b)
1300-1600 V supply voltage.

14



As it is shown in Figure 6, the multichannel analysis are almost sim-
ilar to the ones obtained for pure argon. However, the decrease in ver-
tical range at lower supply voltage (1100-1150 V) and adding of 2.5 %
of methane (quenching gas) caused the better resolution of the 14.4 keV
gamma rays peak. Repeatedly, the characteristic escape peak of argon
starts to be distinguished from 1350 V.

Figure 7 demonstrates the multichannel analysis spectra, which have
been measured while using 95.0 % Ar and 5.0 % CH, mixture as a count-
ing gas in the detector. This increase in methane concentration leads to
earlier particular visibility of the 6.4 keV X-rays peak (it is nearly visible
at 1100 V).

(@ l (b)
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Figure 7 Multichannel analysis spectra obtained for 95.0 % Ar and
5.0 % CHy mixture, while applying (a) 11001250 V and (b)
1300-1600 V supply voltage.

As shown in Figure 8 (multichannel analysis for 92.5 % Ar and 7.5 %
CH, in a mixture), the next increase in the energy resolution is observed
at 1100 V. Moreover, the characteristic escape peak of argon is barely
visible till 1300 V.

The multichannel analysis spectra for the most common gas mixture
(90.0 % of Ar and 10.0 % of CH,) used in the area of proportional gas
counters are shown in Figure 9. Unfortunately, the inappropriate option
of the vertical range of the input channel (for 1100 V and 1150 V supply
voltage) makes the determination of the energy resolution impossible
(especially for 6.4 keV X-rays peak).

On the other hand, the detector high voltage working area for this
gas mixture is probably higher than 1150 V. Figure 10 presents the mul-
tichannel analysis spectra for the 87.5 % Ar and 12.5 % CHy4 mixture.
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Figure 8 Multichannel analysis spectra obtained for 92.5 % Ar and
7.5 % CHy mixture, while applying (a) 1100-1250 V and (b)
1300-1600 V supply voltage.
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Figure 9 Multichannel analysis spectra obtained for 90.0 % Ar and
10.0 % CH,4 mixture, while applying (a) 1100-1250 V and (b)
1300-1600 V supply voltage.

While using this gas mixture as a counting gas, the first evidence of the
characteristic escape peak argon appears at 1200 V.

The last analyzed gas mixture was 85.0 % of Ar and 15.0 % of CHj.
Its multichannel analysis spectra are demonstrated in Figure 11. The
results are similar to those, which were observed using the 87.5 % Ar
and 2.5 % CHy4 mixture. The escape peak is barely visible from 1200 V
and the energy resolution increases with the increase in the supplied
voltage.

Multichannel analysis spectra obtained with pure krypton as count-
ing gas are shown in Figure 12. While the pure krypton is used, the
detector achieves higher energy resolution than with pure argon or its
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Figure 10 | Multichannel analysis spectra obtained for 87.5 % Ar and
12.5 % CHy mixture, while applying (a) 11001250 V and (b)
1300-1600 V supply voltage.
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Figure 11 | Multichannel analysis spectra obtained for 85.0 % Ar and
15.0 % CH,4 mixture, while applying (a) 1100-1300 V and (b)
1350-1600 V supply voltage.

mixtures with methane. The first evidence of the characteristic escape
peak of krypton (1.8 keV) is at 1400 V supply voltage. The origin of
this escape peak is the same as the one for characteristic escape peak
of argon, which was described above. All the measured multichannel
analysis spectra prove that with an increase of supply high voltage, the
amplitudes of the pulses grow. It leads to a strong dependence of pulse
amplitudes on the stability of the used high voltage supply, which is
supported by the Diethorn expression [22].
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Figure 12 | Multichannel analysis spectra obtained for pure krypton, while
applying (a) 1100-1300 V and (b) 1350-1600 V supply voltage.

2.4. Energy resolution

Energy resolution Rg for different counting gases was determined
from the multichannel analysis spectra shown in Figures 5-12. The en-
ergy resolution Rk can be written as

Py = EHEME) o
P

As the energy resolution depends on the FWHM (see equation 2) all
the observed full energy peaks (6.4 keV and 14.4 keV) were fitted by the
classical Gaussian function defined as

y =10+ Ae” 2 | 3)

where y is an offset, A is an amplitude, z. is a center of the peak and
w is a width. The FWHM was calculated using the equation

FWHM = 2wVIn4. (4)

The background compensation was provided by the LabVIEW™.-
based application [23], which is based on the methods used in the com-
mercial spectroscopy systems (ORTEC, CANBERRA). This linear back-
ground compensation method is shown in Figure 13 (the 14.4 keV gamma
rays peak obtained with pure krypton at 1350 V). The red line (see Fig-
ure 13 (a)) represents the background compensation of the experimental
data. Afterwards, the background data are subtracted from the recorded
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spectra and the corrected experimental data are fitted by the Gaussian
function (see Figure 13 (b)). The fit quality could be determined by R?
value (also known as coefficient of determination; ideal fit gives R? = 1).
R? value rises with more parameters introduced, but this does not imply
a better fit. The adjusted Ridj_ value accounts for the degrees of freedom
and it is a better measure of the fit precision. Hence, this parameter is
used for determination of fit qualities below. In this case, the Rgdj_ value
is 0.99545, which means that the residual data (residual sum of squares)
of the fit are 0.455 %. For all calculations, the Origin™-software was
used.

(a) 4000-, (b) 3000
= experimental data = corrected data
35001 —— background compensation 2500 it
3000
. - 2000
25001 . .. .
0 - - 2]
fumpet] . f A
2 15004-s2 " " ]
© .. © 10004 R?, =0.99545
1000 T. y N
] w
500] 500
O [ R R — ety
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channels channels

Figure 13 | Full energy peak of the 14.4 keV gamma rays obtained for kryp-
ton at 1350 V: (a) linear background compensation and (b) fit
of the corrected data.

Whereas the full energy 14.4 keV gamma peak is simple to fit by one
Gaussian function, the °"Fe X-rays full energy peak theoretically con-
sists of three Gaussian functions in the obtained multichannel analysis
spectra. The probability of different X-rays emissions and their energies
are determined by the decay scheme of 5"Fe (see Table 4) [19].

Table4 | Probabilities of X-rays emissions from ®"Fe.
Type of X-rays | Energy (keV) | Probability of emission
Fe Xkoa1 6.40384 16.8 £ 0.3 %
Fe Xka2 6.39084 33.2+0.5%
Fe Xkp 7.058 — 7.108 71£0.2%

Basically, it is impossible to achieve enough high energy resolution
for distinguishing these low energy differences by using the propor-
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tional gas counters. However, their presence affects the fit quality Rgd]._
value. Thus, it is necessary to fit the X-rays full energy peak area at least
by using two Gaussian functions. The Fe Xk«1 and Fe Xk, energies
are very close (the difference between them is only 0.013 keV) and their
centers correspond to almost same channels in multichannel analysis
spectra. On the other hand, the energy difference between Fe Xxg and
Fe Xk 2 is in the range from 0.66716 keV to 0.71716 keV, so the Fe Xk can
affect the right side of the total fit. Moreover, at 1200 V and above (for
argon and its mixtures), a next peak has to be added to the fitted data,
because the escape peak of argon (3.4 keV, created by Fe Xk«) starts to
occur. The argon gamma rays absorption probability (see Table 1) and
K fluorescence yield of argon (wk is in the range from 0.08 to 0.14 [24])
are low, so escape peak created by gamma rays was not observed in the
multichannel analysis spectra. In fact, K fluorescence yield wg determi-
nates the probability of escape peak creation. The krypton escape peak
(wk is in the range from 0.62 to 0.67 [25]) has lower energy (1.8 keV, cre-
ated by the 14.4 keV gamma rays) and is not included in the fitting data.
The condition for the escape peak production is that ionization rays en-
ergy has to be higher than the absorption edge of the given gas. The K
absorption edge of krypton is 14.32 keV (3.20 keV for argon), so no es-
cape peak is created by Fe Xx«. Figure 14 (a) demonstrates theoretical
fit distribution (including argon escape peak) of different X-rays types
in the recorded multichannel analysis spectrum for 95.0 % Ar and 5.0 %
CH,4 mixture at 1450 V.
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Figure 14 | (a) Theoretical fit distribution of the multichannel analysis
spectrum obtained for 95.0 % Ar and 5.0 % CHy mixture at

1450 V and (b) real fit by using three Gaussian functions.
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Subsequently, Figure 14 (b) shows real fit of this spectrum using
three Gaussian functions, which were used to determine energy reso-
lution of the toroidal proportional gas counter for X-rays detection.

Energy resolution of the detector was determined separately for the
X-rays (Fe Xkq1 and Fe Xkq«2, counted at 6.4 keV) and for the full peak
of 14.4 keV gamma rays. In details, the energy resolution Rg values to-
gether with the Rgdj‘ values calculated for all tested gases are available
in full text of the thesis [26].

Basically, there is a decreasing trend of all energy resolution val-
ues with increasing high voltage value. Generally, the quality of the fit
Rgdj. > 0.99 for the 6.4 X-rays fit was reached in almost all the cases. This
means that the amount of the residual data excluding the fit were lower
than 1 %. The same fit quality was achieved for 14.4 keV gamma rays
peak (only when krypton was used as a counting gas). Table 5 summa-
rizes minimum reached energy resolution values Rx (for 6.4 keV X-rays)
and R, (for 14.4 keV gamma rays) with appropriate Rgdj' values for all
the tested counting gases.

Table 5 Minimum reached energy resolution values Rx and R, with

appropriate Rgdj' values for all tested counting gases.

Counting gas Rx Razd].. (forRx) | R Rfd].. (for R,)

v
pure argon 37 % 0.99350 16 % 0.72751

97.5 % Ar, 2.5 % CHy | 33 % 0.99530 15 % 0.96948

95.0 % Ar, 5.0 % CHy | 34 % 0.99545 17 % 0.98508

92.5 % Ar, 7.5 % CHy | 32 % 0.99536 12 % 0.94471

90.0 % Ar, 10.0 % CH4 | 31 % 0.99561 12 % 0.92100

87.5 % Ar, 12.5 % CHy4 | 31 % 0.99292 13 % 0.96031

85.0 % Ar, 15.0 % CH4 | 32 % 0.99501 15 % 0.97527

pure krypton 28 % 0.99227 15 % 0.99538

While the minimum achieved energy resolution value for 6.4 keV
X-rays (Rx = 28 %) was reached when the pure krypton was used as a
counting gas, the maximum value (Rx = 37 %) was determined for pure
argon. Adding quenching gas (methane) to argon decreases this value
and the lowest energy resolution value (Rx = 31 %) was obtained when
the gas mixture was 90.0 % of Ar and 10.0 % of CHy. This gas mixture
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ratio was found as the best one as in [15,17,27]. The same energy res-
olution value for 6.4 keV X-rays was reached when using the 87.5 % Ar
and 12.5 % CH4 mixture as a counting gas. On the other hand, mini-
mum energy resolution value for the 14.4 keV gamma rays (R, = 12 %)
was observed when 92.5 % Ar and 7.5 % CH, in a mixture (the same
value for 90 % Ar, 10 % CHy mixture) was used as a counting gas. The
lowest energy resolution value for krypton was R, = 15 %. The pub-
lished toroidal proportional counters [12,14,15] have energy resolution
for the 14.4 keV gamma rays (energy resolution values for the 6.4 keV
X-rays are not mentioned) in the range from 25 % to 19 %. The toroidal
proportional gas flow counter developed within this dissertation thesis
reached energy resolution values for the same energy peak in the range
from 17 % to 12 %, while various types of gases were used as counting
gases.

2.5. Energy proportionality

The characteristic escape peak of argon (at 1250-1300 V and above,
see Figures 5-11) appears in the multichannel analysis spectra, and its
energy of 3.4 keV is commonly known [21]. For krypton, the escape peak
has lower energy i.e., 1.8 keV [13], and it starts to appear at 1450 V and
above (see Figure 12). With respect to this fact, energy proportional-
ity of the detector could be beneficially determined by using one radia-
tion source (in this case, 5"Co). The peak maximum channel positions
were obtained from the previous Gaussian fits (chapter 2.4). These val-
ues correspond to the energies given by the °"Co decay scheme (i.e.,
the 6.4 keV X-rays, the 14.4 keV gamma rays and relevant escape peaks
of used counting gas). Because energy distribution should be propor-
tional, pulse amplitudes (represented by the channel number) the de-
pendence of on energy values has to be linear. Therefore, the data were
fitted by using the simple equation 5

y=a+bz, ®)

where the a is y-intercept and b is line slope. In fact, energy propor-
tionality is determined by the Rfdj. value, which represents the linear
regression quality (perfect one with Rfdj' = 1). All the linear regressions

with energy proportionality deviations for all tested gases are presented
in [26].
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The developed toroidal proportional gas flow counter achieved high
proportionality in the energy region from 1.8 keV to 14.4 keV, where the
energy proportionality deviation was in almost all cases lower than 1 %
for pure argon and its mixtures with methane (0.1 % for pure krypton).
Due to this, the detector is able to work properly in the spectroscopic
mode, which requires high energy proportionality.

2.6. Detection efficiency

Detection efficiency €4 of every radiation detector is defined as a ratio
of the registered photon events number (sum of counts in the given dis-
crimination window N.) and the theoretical number of emitted photons
N, incidental on the detector window (see equation 6).

€q(%) = %:100, 6)

The detection efficiency values were calculated via processing the
data collected in the chapter 2.3. Firstly, the theoretical numbers of
emitted photons Nex and N, were calculated for every analyzed count-
ing gas. The number of emitted photons was calculated by using the
source activities presented in Table 4 and probabilities of different pho-
ton emissions (a sum of emission probabilities is shown in Table 4 for
the 6.4 keV X-rays including the 7.0 keV X-rays, and probability of the
14.4 keV gamma photon emission is 9.15 £ 0.17 % [19]). Because of the
used geometry for recording the multichannel analysis spectra (see Fig-
ure 15), the simple point source approximation was calculated to correct
the emitted photon number incidental on the counter.

shielding lead plate (8 mm)
with hole

tor (d = 10 mm)

Figure 15 | Layout of the geometry used for recording the multichannel
analysis spectra.
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The number of registered photon events was calculated as the sum
of the counts in the relevant discrimination window. For argon and its
mixtures, the 6.4 keV X-rays discrimination windows also cover the es-
cape peak (if observed), as it should be a valid detection of X-ray photon.
The krypton 1.8 keV escape peak was added to valid detection of the
14.4 keV gamma rays. Detection efficiencies were calculated for manu-
ally determined discrimination windows (total sum of counts in the rel-
evant window, see Figure 16 (a)) and also for the same window with the
linear background compensation (sum of the background counts were
subtracted from the total sum of counts, see Figure 16 (b)).

(a) 40000 (b) 40000+

—=— experimental data —=— experimental data
35000 35000+ ——background compensation
30000 | discrimination window (6.4 keV) 30000 discrimination window (6.4 keV)
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20000 20000

counts
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10000 10000 -
5000 5000
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8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

channels channels

Figure 16 | The 6.4 keV X-rays discrimination window (90.0 % At, 10.0 %
CHy, including argon escape peak) for calculating detection ef-
ficiency using (a) all counts in the window and (b) linear back-
ground compensation to correct the counts number.

Detection efficiencies were determined for the whole range of sup-
plying high voltage (usually in the interval of 1150-1600 V, if both peaks
were observed). Repeatedly, the detection efficiencies for all tested gases
are shown in [26].

As it can be deduced from Table 1, pure krypton has the highest de-
tection efficiency for both ionization rays from all the tested counting
gases. The 1.8 keV krypton escape peak was completely hidden in the
noise till 1400 V. However, its appearance at 1450 V causes a rapid in-
crease of the 14.4 keV gamma rays detection efficiency. Table 6 provides
a summary of the highest calculated detection efficiencies ¢4 and detec-
tion efficiencies with background compensation eg'.

The determined accuracy for all the detection efficiency values was
£10 % from the calculated value. In fact, this accuracy value eliminates
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Table 6 Summary of the highest detection efficiencies ez, and detection
efficiencies with background compensation ey .

Counting gas €dXx (%) €dy (%) €d’X (%) €d'y (%)
pure argon 8.9 5.6 6.8 1.2
97.5 % Ar, 2.5 % CH, 9.2 4.8 55 1.6
95.0 % Ar, 5.0 % CH, 9.3 4.8 5.7 1.7
92.5 % Ar, 7.5 % CH, 9.4 4.7 59 2.1
90.0 % Ar, 10.0 % CH, 8.5 5.1 6.1 14
87.5 % Ar, 12.5 % CH, 9.0 4.8 5.8 1.9
85.0 % Ar, 15.0 % CH, 8.4 53 6.5 1.8
pure krypton 10.9 36.8 59 10.6

any possibility to determine the best counting gas for X-rays regarding
the detection efficiency. However, optimal counting gas for the 14.4 keV
gamma rays detection is definitely pure krypton reaching up to seven
times higher detection efficiency value than pure argon or any of its mix-
tures with methane.

2.7. Utilization in Mdssbauer spectroscopy

The toroidal proportional gas flow counter has been primarily de-
signed for the purpose of the conversion X-rays 5"Fe Mssbauer spec-
troscopy (especially for analysis of the bulk material surfaces). On the
other hand, it is also possible to use it for the transmission Mossbauer
spectroscopy, when the 14.4 keV gamma rays are registered. In both
cases, the experimental setup was modified by adding the velocity driver
and the analog feedback [28]. The rest of the experimental setup remains
the same as shown in Figure 3. The detection parts of the assembled
Mossbauer spectrometers in both geometries are demonstrated in Fig-
ure 17.

As the counting gas, the 90.0 % argon and 10.0 % methane gas mix-
ture was used as it is less expensive compared to the krypton usage.
This selected mixture of gases provides the best energy resolution (31 %
for the 6.4 keV X-rays and 12 % for the 14.4 keV gamma rays, see chapter
2.4). The gas pressure was approximately 0.1 MPa (identical as in all the
multichannel analysis measured in chapter 2.3).
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Figure 17 | Detection part of the Mdissbauer spectrometer in the (a)

backscattering geometry and (b) transmission geometry.

It was verified that the optimal high voltage value is 1400 V (compro-
mise between energy resolution and detection efficiency). Before first
5TFe Mossbauer spectrum recording, multichannel analysis spectra (see
Figure 18) were measured in both geometries using aluminum and cop-
per foil filters. Multichannel analysis spectrum in the backscattering ge-
ometry (see Figure 18 (b)) was recorded when a block of the austenitic
stainless steel EN 1.4541 (AISI 321) was used as a sample. In this case,
the filters were placed on all four detector windows.

(a) 8000 (b) 12000
—— without filter

without filter
7000 -

- - == aluminum filter| 10000 ==~ aluminum filter
6000 or fil copper filter
‘ dkey copper filter so00.
5000*}
2 d £
c 4000—; g 6000
s
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1000 - 14.4 keV 14.4 keV
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Figure 18 | Multichannel analysis spectra in the (a) transmission geometry
and (b) backscattering geometry.

Aluminum filters are commonly used in the area of CXMS to reduce

the number of lower e- nergy X-rays emitted from the source. These
low-energy X-rays are non-resonant and decrease the resonance effect ¢
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and the statistical quality @ of the recorded Mdssbauer spectrum.
The statistical quality ) is given by the equation

€2

M COR @)

where N(c0) is the number of counts far from the resonance [29].
A series of aluminum filters with different thicknesses d were placed
behind the radiation source (see Figure 17) to evaluate the influence of
resonant and non-resonant X-rays. The backscattering 5"Fe Mossbauer
spectra were obtained for the same period of time (1 hour) for the same
sample (a block of the austenitic stainless steel EN 1.4541 (AISI 321)).
Then, the data were processed via the MossWinn fitting software [30].
Figure 19 shows the dependence of the calculated effect, statistical qual-
ity and the count rate on the thickness of the aluminum filter.
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Figure 19 | The dependence of the (a) Mdssbauer effect and count rate and
(b) statistical quality on the aluminum filter thickness.

To keep the high count rate and the filtration of some non-resonant
X-rays, a 10 um thick aluminum filter was used for the following mea-
surements in the backscattering geometry.

Figure 20 (a) represents the 5"Fe Mossbauer spectrum of the calibra-
tion sample x-Fe, whereas the conversion X-rays (6.4 keV) were regis-
tered. The line width was determined as 0.258 mm/s and the resonance
effect was 9.3 £ 0.5 %. The obtained spectrum of the austenitic stain-
less steel block EN 1.4541 (AISI 321) is shown in Figure 20 (b) with the
resonance effect of 22.8+0.5 %. Both spectra were recorded for 24 hours.

Figures 21 (a) and (b) demonstrate that the developed detector also
allows to register low energy gamma rays. However, the resonance ef-
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fect was very low, i.e., 3.2 = 0.5 % in the backscattering geometry (72
hours spectrum) and 17.3 & 0.5 % in the transmission geometry (1 hour
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3. Cylindrical proportional gas counter

As the toroidal shaped proportional gas flow counter (described in
the previous chapter 2) is not a very appropriate choice for the purpose
of the transmission Mossbauer spectroscopy (only one of four counter
windows is used), a cylindrical counter geometry can substitute unnec-
essarily complicated toroidal shape.

3.1. Design of the cylindrical counter

The cylindrical proportional gas counter (see Figure 22) was formed
by 120 mm long aluminum cylindrical cathode (with an outer diameter
of 40 mm, inner diameter of 24 mm). It enclosed central anode (gold
plated tungsten wire with a diameter of 50 um).

gas outlet 120 mm

cathode

S

40 mm

.

oy

SN
CJ  anode reduction

gas inlet O-ring anode support

(a) (b)

Figure 22 | Designed cylindrical proportional gas counter: (a) basic layout
and (b) cross section.

The anode was supported only by one ABS plastic column (its dis-
tance from counter window was approximately 12 mm), as the anode
central position was fixed by the ABS plastic reduction located in the
rear counter cover. The anode wire was soldered to the coaxial cable
RG-62A/U (93 ohm, 42.5 pF/m) with crimped SHV female connector.
Front and rear cylindrical cathode sides included grooves for O-rings
(26x1, where the inner diameter was 26 mm and the ring thickness was
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1 mm) for better counter sealing. The detector window had lateral lo-
cation and was made from aluminized mylar foil. This window was
curved for keeping the cylindrical counter shape (90° sector) and was
40 mm long. In fact, the mylar foil copied the inner wall shape of the
cylindrical cathode. The conductive mylar window layer was located in
the counter working volume. Electrical conductivity between the alu-
minum cylinder and the mylar window was provided by the carbon con-
ductive glue. The counter window was sealed with a two-components
putty (Thorlabs” Vacuum epoxy resin) to prevent gas leakages. Both
(rear and front) covers were fixed by using four M3 screws for properly
O-rings work. Due to the possibility of some gas leakages, this propor-
tional gas counter was designed to work in the continuous flow mode
using the gas inlet and outlet.

3.2. Experimental setup and basic parameters

With respect to the observation and experiences obtained with toroidal
proportional gas flow counter in chapter 2, the experimental setup was
modified for testing the cylindrical proportional gas flow counter (see
Figure 23).

gas management

computer

digitizer

detector

high voltage
supply

pulse-shaping
amplifier

preamplifier

signal processing
Figure 23 | Experimental setup for testing cylindrical proportional gas flow

counter.

As most possible utilization of this counter is in the area of the trans-
mission Mossbauer spectroscopy, pure krypton (approximate pressure
of 0.1 MPa) was chosen as a counting gas (best detection efficiency for
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low gamma rays from the tested gases — see chapter 2.6). The detector
was supplied by the very stable high voltage supply 556 (ORTEC). The
current pulses were converted into the voltage signal with a high signal-
to-noise ratio by the 142PC preamplifier (ORTEC). Consequently, the
low voltage signal was amplified (the gain was set to x5 and the shap-
ing time 0.5 ps) by the 575A amplifier (ORTEC). The amplified signal
was recorded by the fast digitizer NI PCI-5124 (National Instruments)
and processed by the LabVIEW™-based user application [18].

As no quenching was added to pure krypton, registered pulses from
the detector were slightly longer (see Figure 24) than the ones obtained
using the toroidal proportional gas counter filled with a mixture of ar-
gon and methane (see Figure 4 in chapter 2.2).
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Figure 24 | (a) Amplified signal from the cylindrical proportional gas flow
counter using pure krypton (1550 V) as a counting gas, and (b)
detailed view of pulse shapes.

Multichannel analysis spectra were recorded in the transmission ge-
ometry, while 5"Co radiation source (1.85 GBq on 18th October, 2013
with a current activity of approximately 22 MBq) was directed straight
to the detector window. No samples were used during these measure-
ments. The real time period of the sampled signal was 25 s. Brass disc
(with a thickness of 10 mm) was used as collimator with 10 mm diameter
hole. Aluminum and copper filters were used to determine the energy
arrangement. High voltage supply range was from 1200 V to 1750 V with
a step of 50 V. As shown in Figure 25 (a), the low energy gamma rays
full energy peak started to appear exactly at 1200 V with a very dom-
inant Compton edge. With further high voltage supply increase, the
6.4 keV X-rays started to be visible (vaguely at 1250 V, clearly at 1300 V
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and above). The first evidence of the 1.8 keV krypton escape peak was at
1450 V. Next increase of the supplying high voltage caused better kryp-
ton escape peak resolution. The digitizer vertical range was constantly
set to 0.8 V for multichannel analysis spectra recording shown in Fig-
ure 25 (a). In the high voltage supply range of 1600-1650 V (1700-1750 V
respectively), the digitizer vertical range was £2 V (+4 V respectively).
The multichannel analysis spectra obtained in these ranges are shown
in Figure 25 (b). Because of the large amount of data collected, only the
multichannel analysis spectra recorded without filters are presented be-
low.
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Figure 25 | Multichannel analysis spectra recorded using the cylindrical
proportional gas flow counter with krypton as a counting gas,
while applying (a) 1200-1550 V and (b) 1600-1750 V supply
voltage.

Figure 26 shows multichannel analysis spectra at 1500 V using alu-
minum and copper filter (located between radiation source and cylindri-
cal proportional gas flow counter), where the spectrum recorded with
aluminum filter confirms the energy arrangement and the 1.8 keV kryp-
ton escape peak gamma registration validity.

Energy resolution R values were determined for both types of ion-
ization rays (the 6.4 keV X-rays and the 14.4 keV gamma rays). All the
experimental data were corrected by the linear background compensa-
tion presented in chapter 2.6. Consequently, the full energy peaks were
fitted by the Gaussian function and the FWHM parameters were calcu-
lated. The energy resolution values for X-rays with appropriate Rfd].'
values are shown in Figure 27 (a) (in Figure 27 (b) for gamma rays re-
spectively).
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Figure 26 | Multichannel analysis spectra at 1500 V recorded with alu-
minum and copper filter.
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Figure 27 | Energy resolution Ry and quality of the fit R}, while using
pure krypton as a counting gas in the cylindrical proportional
gus flow counter for (a) the 6.4 keV X-rays and (b) the 14.4 keV

gamma rays.

The minimum achieved energy resolution value for the 6.4 keV X-
rays was 26 % (Rgdj. = 0.99877). This value is 2 % lower in comparison
with the minimum value obtained for toroidal proportional gas flow
counter in chapter 2.4 (Rx = 28 %, Rgdj. = 0.99227). On the other hand,
the minimum energy resolution value for the 14.4 keV (R, = 19 %,
Rfdj‘ = 0.99741) was 4 % higher than the one obtained for the toroidal
detector (R, = 15 %, Rgdj‘ = 0.99538). As another high voltage sup-
ply was used in this experimental setup, this energy resolution value
increase could be caused by longer high voltage supply stabilization.
Pulse amplitudes strongly depend on the high voltage and even small
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high voltage shift can change the amplitude and widen the full energy
peak in the multichannel analysis spectrum.

For choosing optimal high voltage supply, detection efficiency was
presented via count rates in the discrimination windows corresponding
to different energies in Figure 28. Because the 1.8 keV krypton escape
peak should be a valid detection of the 14.4 keV gamma photon, it is rec-
ommended to use high voltage supply > 1500 V (> 1550 V in case of the
6.4 keV X-rays registration, for which an enormous count rate increase
is observed).

4500 *  Xerays (6.4 keV)
4000 ] gamma rays (14.4 keV) [ i i
3500 1L_7_escape peak (18 keV)

t rate (1/s)

[N R T T 1

1200 13‘00 14‘00 15‘00 16‘00 17‘00
high voltage (V)

Figure 28 | Count rates for the 6.4 keV X-rays, the 14.4 keV gamma rays,
and the 1.8 keV krypton escape peak.

As it is shown in Figure 28, the 1.8 keV krypton escape peak forms a
significant gamma photon registration part (approximately 40 % of the
total gamma rays registration). Table 7 demonstrates percentage repre-
sentation of the 14.4 keV full energy gamma photon peak and the 1.8 keV
krypton escape peak in total gamma registration.

Table 7 Distribution of the 14.4 keV full energy gamma photon peak and
the 1.8 keV krypton escape peak in total gamma registration.

high voltage (V) || 1.8 keV | 14.4 keV
1500 2% 58 %
1550 38 % 62 %
1600 39 % 61 %
1650 43% 57 %
1700 39 % 61 %
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3.3. Escape peak influence on the Mossbauer spectrum

For completing the transmission Mossbauer spectrometer (see Fig-
ure 29), the experimental setup (see Figure 23) was modified by adding
velocity driver, PID controller [28], and the function generator 33521A
(Agilent Technologies).
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Figure 29 | Transmission Mdssbauer spectrometer using the cylindrical

proportional gas flow counter.

Three 5"Fe Mossbauer spectra of the a-iron (with different discrimi-
nation windows shown in Figure 30) were recorded simultaneously for
the same period of time (116 hours).
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Figure 30 | The 1.8 keV krypton escape peak discrimination window (1) and
the 14.4 keV full energy gamma peak discrimination window

(2).

Figure 31 (a) demonstrates the °"Fe Mossbauer spectrum of the cali-
bration sample «-Fe, while the discrimination window (1) covers counts
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corresponding to the 1.8 keV krypton escape peak. The line width was
determined to be 0.306 mm/s and the resonance effect was 30.4 £0.5 %.
Simultaneously recorded 5"Fe Mgssbauer spectrum using the 14.4 keV
gamma full energy peak discrimination window (2) is shown in Figure
31 (b). In this case, the line width was 0.289 mm/s and the resonance
effect was 31.7 £ 0.5 %.
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Figure 31 | 7Fe Mdssbauer spectra of the «-Fe obtained with cylindrical
proportional gas flow counter while using (a) the 1.8 keV kryp-
ton escape peak discrimination window and (b) the 14.4 keV
gamma full energy peak discrimination window.

The last 5"Fe Mossbauer spectrum (see Figure 32) was recorded when
both discrimination windows were used for registering the gamma rays.
The line width was 0.306 mm/s and the resonance effect was 30.9 &
0.5 %.
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Figure 32 | 57Fe Mdssbauer spectrum of the «-Fe obtained with cylindrical

proportional gas flow counter while both discrimination win-
dows were used.
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Table 8 summarizes the line widths (LW), resonance effects ¢, statis-
tical qualities Q) (see equation 7), and count rates of the presented *"Fe
Mbossbauer spectra in Figures 31 and 32. To conclude, if the studied sam-
ple contains low amount of iron, it is recommended to use both discrim-
ination windows (higher count rate). However, if more precise resolu-
tion is required, it is better to use only the 14.4 keV gamma full energy
peak discrimination window. This long term measurement also proves
that about 48 % of the 14.4 keV gamma photon registration is followed
by creation of the 1.8 keV krypton escape peak.

Table 8 Parameters of the «-Fe Mossbauer spectra recorded while using
different discrimination windows.
window LW (mm/s) | € (%) Q count rate (1/s)
1.8 keV 0.306 30.4 | 17838 328
14.4 keV 0.289 31.7 | 17026 348
1.8 keV and 14.4 keV 0.306 30.9 | 34828 676
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Conclusion

The presented toroidal proportional gas flow counter has been pri-
marily designed for the purpose of the conversion X-rays Mdssbauer
spectroscopy for analyzing the surfaces of the bulk materials. With re-
spect to the toroidal shape of the detector, it is able to register soft en-
ergy X-rays and low-gamma rays in almost 27 geometry with sufficient
efficiency.

Several proportional gas counter parameters were determined for
different counting gases. The 90.0 % argon and 10.0 % methane mixture
provides the lowest energy resolution value (Rx = 31 % and R, = 12 %)
from the whole tested argon-methane mixture spectrum. Regarding the
error levels of detection efficiency values calculation, it is impossible to
determine the optimal gas mixture for the 6.4 keV X-rays registration.
On the other hand, pure krypton offers the lowest energy resolution
value for X-rays (Rx = 28 %) from all tested counting gases. It was also
proved that pure krypton is the most efficient counting gas (from the
tested group of gases) for both ionization rays, especially for the 14.4 keV
gamma rays, where detection efficiency is approximately seven times
higher than in the case of argon or any of its mixtures with methane.
Generally, pure noble gases are not very appropriate choices as count-
ing gases, because detector pulses are quite long. It is more advanta-
geous to add some more complex gases (like methane) to ensure that
every pulse discharge was successfully terminated. This leads to detec-
tor pulse shortening, which can be considered as an advantage when
high active radiation sources are used. On the other hand, it could also
lead to detection efficiency value decrease (it can reduce the number of
created pulse discharges).

The energy arrangement was confirmed by recording some °"Fe Moss-
bauer spectra in chapter 2.7. It was also verified that usage of an alu-
minum filter (at least 10 pm) can improve the statistical quality of the
backscattering Mossbauer spectra. The utilization of the lead shielding
(see Figure 17 (a)) was observed as a crucial task as it reduces the satura-
tion of the detector and increases the energy resolution of the detector.
However, more optimized solution of stacked plate shielding arrange-
ment [13] would probably improve its performance.

The presented detector is easy to handle and its main advantage is
that it does not require any sample preparations to measure backscat-
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tering Mossbauer spectra. The detector could be also used to register
low-energy gamma rays. In this case it could find an application in
the transmission Mdssbauer spectroscopy or the backscattering gamma
Mossbauer spectroscopy.

This detector is also an essential part of the “Austenitemeter” de-
vice, which enables fast and non-destructive determination of residual
austenite amount in steels. Because of this, the detector is still upgraded
to achieve the highest performance. The actual version is made from
dural using the CNC technology. As it contains two O-rings between
both cathode parts, it prevents more gas leakages. Nowadays, this ver-
sion already successfully operates in the laboratories of the Department
of Experimental Physics (Palacky University in Olomouc). Next step of
the development will be focused on the detector and the whole Austen-
itemeter shielding to enhance its implementation by private companies.

For the purpose of the transmission Mossbauer spectroscopy, it is
more optimal using the cylindrical proportional gas flow counter. The
calibration sample x-Fe Mossbauer spectra recorded when using this
detector proved 1.8 keV krypton escape peak being a valid detection of
14.4 keV gamma photon. In this case, it could be successfully used to im-
prove the statistical spectra quality and count rate. On the other hand,
it slightly decreases the resonance effect and increases the line width.
This is probably caused by a higher noise influence, as pulse amplitudes
corresponding to 1.8 keV krypton escape peak are lower than the pulses
belonging to 14.4 keV gamma full energy peak. This advantage of escape
peak could be also exploited by using argon or its mixtures in the con-
version X-rays Mossbauer spectroscopy (e.g. when using the toroidal
proportional gas flow counter).
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Strucné shrnuti v ceském jazyce

Prezentovany prutokovy toroidni proporciondlni plynovy detektor
byl primarné navrzen pro ticely Mossbauerovy spektroskopie konverzni-
ho RTG zafeni, kterd slouzi k analyze povrchu objemnych vzorkti. Diky
svému toroidnimu tvaru je detektor schopen registrovat mékké RTG
zé&feni a nizkoenergetické gama zéfeni témét v 27 geometrii s dostatec-
nou ucinnosti.

Detektor byl testovan s riznymi plynovymi naplnémi, pro které bylo
nésledné urc¢eno nékolik provoznich parametrti detektoru. Minimalni
hodnota energetického rozliseni pro RTG zéteni 6,4 keV Rx = 31 % a pro
gama zafeni 14,4 keV R, = 12 % byla urcena pro smés 90.0 % argonu a
10.0 % metanu (ze skupiny smési argonu s metanem, p¥ipadné ¢istého
argonu). Z pohledu detekéni ticinnosti nebylo mozné urcit nejoptimal-
néjsi smés plynii pro registraci konverzniho RTG zafeni (6,4 keV) pfede-
vsim diky velké chybé p¥i uréovani hodnot detekéni ticinnosti. S Cistym
kryptonem bylo dosaZeno nejniZzsi hodnoty energetického rozliseni RTG
zéfeni (Rx = 28 %) ze vSech testovanych plynti (smési). Bylo také proka-
Zano, Ze pravé pouzitim kryptonu Ize dosahnout nejvyssi detekéni tcin-
nosti (ze skupiny v8ech testovanych plynii) pro oba druhy ionizujictho
zafeni, pfedevsim vSak pro nizkoenergetické gama zafeni, kde byla dosa-
Zena priblizné sedmkrat vyssi hodnota detekéni ti¢innosti nez u argonu
piipadné jakékoliv jeho smési s metanem. Obecné vSak vzacné cisté
plyny nejsou p¥ili§ vhodnou volbou pro plnéni detektord, jelikoZz délky
impulzt z detektoru jsou relativné dlouhé. Je mnohem vyhodnéjsi p¥i-
dat kjednoduchym molekuldm vzacného plynu slozitéjsi molekuly zhé-
Sectho plynu (napf. metanu). Tento zhédSeci plyn pfi spravné koncen-
traci dokédZe zajistit, aby kazdy pulzni vyboj byl fddné ukoncen. Tento
efekt vede ke zkraceni udalosti (impulzt) v detektoru, které je zddouct
predevsim pii pouziti aktivnéjsich zdrojti ionizujictho zafeni. Na druhou
stranu, tento efekt mtize také zabranit vzniku nékterych sekundarnich
ionizac{ a tim tak sniZzit G¢innost detektoru.

Naméfend mossbauerovské spektra jednoznacéné potvrzujf spravné
urceni jednotlivych energif v mnohokandlovych spektrech. Bylo také
ovéfeno, ze pouziti hlinfkového filtru (tloustky alesponi 10 um) pozitivné
ovlivni statistickou kvalitu mossbauerovského spektra v geometrii zpét-
ného rozptylu. Velmi vyznamnou roli hraje také olovnéné stinéni, je-
likoZ zabrariuje pfesyceni detektoru a také zvysuje energetické rozliSeni
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detektoru. Nicméné skladané destickové stinéni podle Schaafa [13] by
mohlo jesté vice vylepSit vlastnosti detektoru.

Hlavni vyhodou prezentovaného detektoru je, Ze pro méfeni moss-
bauerovskych spekter ve zpétném rozptylu neni potfeba métené vzorky
nijak pfipravovat. Kromé toho je mozné detektor pouzit i v transmisni
Mossbauerové spektroskopii k registraci nizkoenergetického gama zafeni.

Tento detektor tvofi velmi vyznamnou ¢ast zafizeni "Astenitometr”,
které umoZnuje rychlé a nedestruktivni uréeni zbytkového austenitu v
ocelich. Z tohoto dtivodu je tento detektor stéle vylepSovan za tcelem
dosahnuti nejlepsich parametrt. Aktualni verze je vyrobena z duralu
pomoci CNC obrabécich strojii. Mezi obémi ¢astmi katody jsou umistény
navic dva O-krouZzky, které zabrariuji vétsim tniktim detekéniho plynu.
V této dobé je tato verze jiz plné vyuZzivana v laboratofich Katedry exper-
imentalni fyziky (Univerzita Palackého v Olomouci). Dalsi krok vyvoje
bude zaméfen na stinéni detektoru a samotného Austenitometru pro
jeho 8irsi vyuziti v komer¢ni sféfe.

Vyhodnéjsi volbou pro ticely transmisni Méssbauerovy spektroskopie
je pouziti prttokového valcového proporciondlniho plynového detek-
toru. Méfeni kalibra¢nich moéssbauerovskych spekter «-Fe prokazala, Ze
unikovy pik kryptonu (1,8 keV) je platnou detekci gama fotonu o energii
14,4 keV. V tomto piipadé€ jej 1ze vyhodné pouzit a zvysit tak statistickou
kvalitu spektra a ¢itaci rychlost. Na druhou stranu vyuzitf inikového
piku mirné sniZzuje rezonan¢ni efekt a také zvysuje itku ¢ary (sniZzuje
rozliSeni spektrometru). To je pravdépodobné zpiisobeno vétsim vlivem
$umu na signdl, jelikoZz amplitudy impulzt odpovidajici tnikovému piku
kryptonu (1.8 keV) jsou nizsi nez ty, které odpovidaji piku tplné ab-
sorpce gama zéfeni o energii 14,4 keV. Vyhody tnikového piku mohou
byt vyuzity i pfi pouziti argonu (pfipadné jeho smési) v Mossbauerové
spektroskopii zpétného rozptylu (napf. pfi pouZiti priatokového toroid-
niho proporciondlniho plynového detektoru).
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