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Abstract
Increasing attention is given to environmental pollution and its impact on the

health of the living organisms and the environment itself. Atomic absorption
spectroscopy is a well–known analytical method for measuring environmental
pollution. However, with growing demands for detecting lower and lower con-
centrations of toxic elements and making the equipment more mobile, there is a
need to further develop it. One of the approaches to achieve this is by producing
improved light sources.

The High–Resolution Spectroscopy and Light Source Technology Laboratory
at the Institute of Atomic Physics and Spectroscopy of the University of Latvia is
engaged in the development and research on high–frequency electrodeless light
sources. To improve light sources and optimize their operation, spectroscopic
studies are required.

In the doctoral thesis, lamps with arsenic and mercury fillings, manufactured
in the laboratory, were studied. The dependence of the resonance spectral line
intensities of As at 189.0 nm, 193.8 nm, and 197.3 nm and Hg at 253.7 nm on
the excitation generator power, frequency, and operating mode was investigated.
Lamp stability, self–absorption, and temperature were evaluated. Periodic inten-
sity changes, self–modulation, were observed in arsenic lamps, and their period
was calculated. In addition to high–frequency electrodeless lamp radiation stud-
ies, a comparison with commercially available hollow cathode lamps was also
performed.

The main conclusions obtained are as follows: getter addition improves lamp
performance, lamp radiation fluctuations do not exceed a 2% limit, the tempera-
ture of As lamps is approximately 950–1250 K, and the optimal operating power
is around 14 W due to self–absorption. Self–modulation depends on the lamp
voltage and its period decreases at higher voltage values. It was also concluded
that the best results for Hg capillary lamps are achieved when the capillary is
placed horizontally, spherical Hg lamps are recommended to be operated in the
E–discharge mode, and As lamps in the H–discharge mode.

In addition to spectroscopic measurements, Hg concentration determination
was carried out in the eggshells and feces of black storks, as well as in lake wa-
ter samples, using an atomic absorption spectrometer with Zeeman background
correction. The total number of analyzed samples exceeded 1,000 samples from
more than 130 nesting sites across Latvia. The thesis compares Hg concentra-
tions in eggshells and membranes, determining that the average concentration in
eggshells is 16 ng/g, in membranes – 202 ng/g, with its ratio of eggshells to mem-
branes being ≈11 times. Differences in Hg concentrations in the feces of adult
storks and young birds were analyzed, as well as its changes from 2019 to 2022.
Water sample measurements were conducted as part of an inter–laboratory study.
The obtained results match well with the results obtained by other participants.
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Main abbreviations and notations
Frequently encountered abbreviations:

AAS – atomic absorption spectroscopy, also spectrometer
HFEDL – high–frequency electrodeless lamp
HCL – hollow cathode lamp
UV – ultraviolet

Most frequently encountered symbols and physical constants:
A – absorbance
Aik – transition probability
C – concentration
Erot – energy
I0 – incident light intensity, also intensity at the center of spectral line
Iν – transmitted light intensity
Imax – maximal intensity of spectral line
Iik – spectral line intensity, occurring in transition between i and k levels
i – excited state
Kν – absorption coefficient
k – ground state
Ni, Nk – concentration of atoms
T rot – rotational temperature
λ, λik– wavelength
ν, νik – frequency
h = 6, 62 · 10−34J · s – Planck’s constant
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Introduction
Nowadays, increasing attention is being paid to environmental pollution,

and there is a growing understanding of the effects of various toxic and harmful
substances on both the environment and living organisms [1]. This has led to a
growing need to detect toxic elements at very low concentrations, which are often
close to the background concentrations of these elements in the environment [2].
Therefore, new methods and instruments for pollution measurement are being
developed to achieve these goals.

Atomic absorption spectroscopy is a relatively old but still popular analytical
method for the quantitative determination of various elements [3, 4]. Its origins
can be traced back to the 1950s when Alan Walsh published a paper describing
the use of atomic absorption spectra for chemical analysis [5]. Due to its high
sensitivity, atomic absorption spectroscopy forms the basis of many standard me-
thods [4], such as EPA Method 245.1 for the determination of mercury [6].

The actuality of the problem
The importance of this work is associated with the increasing need to deter-

mine very low concentrations (from a few nanograms to a few micrograms per
liter, gram, or cubic meter) of various toxic elements. As the requirements for the
achievable results grow, the challenges that the chosen analytical methods have
to overcome also increase. These challenges include improving detection limits,
reducing measurement times to allow real–time analysis, and minimizing the size
of instruments to ensure their portability [7, 8].

One of the key elements that determine the sensitivity and performance of
atomic absorption spectrometers is the light source. Typically, in atomic absorp-
tion spectroscopy, high–frequency electrodeless lamps or hollow cathode lamps
are used as line spectrum light sources.

The Laboratory of High–Resolution Spectroscopy and Light Sources Tech-
nology at the Institute of Atomic Physics and Spectroscopy of the University
of Latvia (UL IAPS) has accumulated significant experience in the production
of high–frequency electrodeless light sources (e.g., [9–11]) and continues to ac-
tively research them. Advancements in technology have made it possible to cre-
ate lamps that produce more intense radiation and have longer lifetimes, as well
as to improve the shape and spectral composition of lamps, and to reduce their
size [12]. To achieve this, spectroscopic studies are needed to obtain information
that can be used to further improve and adapt manufacturing technologies and
optimize the operating conditions of the produced light sources. Finding the best
parameter combination is a complex task since the emitted spectral lines of the
light source must be intense, narrow, and non–self–absorbed. The work focuses
on high–frequency electrodeless lamps containing mercury and arsenic, as it is
problematic to produce hollow cathode lamps with these elements [13].
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Arsenic and mercury are well–known toxic elements. Arsenic is ranked first
on the 2022 Substance Priority List by the Agency for Toxic Substances and Dis-
ease Registry (ATSDR) [14]. This list compiles substances considered hazardous
to human health based on their known or anticipated toxicity and prevalence. Ar-
senic is widely distributed in the Earth’s crust and groundwater [15] and enters the
environment through human activities [16]. The long–term ingestion of toxic ele-
ments in small doses through food and water can lead to chronic health problems,
making it important to detect even low levels of contamination.

Mercury is ranked third on the ATSDR’s Substance Priority List [14]. The
need to detectmercury at levels close to background concentrations (0.0015µg/m3

in the air [17], 60 µg/kg in soil [18], up to 2 µg/l in water [19]) is associated with
several factors. First, it is related to the process of mercury methylation, mainly
occurring in aquatic environments [20]. Second, it is linked to the bioaccumu-
lation and biomagnification of mercury in the food chain [21], where even low
concentrations of mercury can accumulate to levels hazardous to health [22].

In addition to practical applications in atomic absorption spectroscopy, quan-
tum standards, goniometers, and lately also in disinfection [23,24], high–frequency
electrodeless light sources, being low–temperature plasma sources, are used for
fundamental plasma process research and plasma–surface interaction studies [P9].

The assessment of Hg as a toxic element distribution in Latvia has not been
conducted. Yet it was found that there is a significant amount of mercury in the
blood of endangered bird species in Latvia, black storks (Ciconia nigra) [25].
Therefore, this work also includes measurements of Hg concentrations in natural
samples – water and black stork eggshells and feces – using an atomic absorption
spectrometer with a high–frequency electrodeless lamp containing mercury.

Over the past thirty years, the number of breeding pairs of black storks in
Latvia has significantly decreased [26]. Therefore, one of the questions related
to mercury measurements in black storks is whether mercury concentration could
affect their reproductive success. If birds ingest large amounts of mercury, they
may develop various health problems, as mercury is a well–known neurotoxin.
Reproductive problems may also arise, and at very high concentrations, mortality
can occur [27]. Since black storks primarily feed on fish [28], they are at a higher
risk of mercury intake [29]. Eggshells and feces as samples for measurements
were chosen because of their availability, as their collection is non–invasive and
minimally affects the birds, as they are not disturbed [P1]. These are important
conditions for choosing biological samples for analysis, especially if the studied
species, such as black storks in Latvia, are endangered [26].

Simultaneously, the data obtained in mercury concentration measurements,
when correlated with geographical and geological data, will enable the mapping
of mercury pollution in Latvia.

The doctoral dissertation consists of an introduction, six chapters, conclu-
sions, four appendices, and a list of references. It includes 68 figures and 9 tables.
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The doctoral dissertation is reflected in 11 publications in scientific journals
and conference proceedings, as well as 18 abstracts for international conferences.

Scientific novelty
• Spectral lines of arsenic in the far UV region (189 nm, 194 nm, 197 nm)
and their profiles in high–frequency discharges were studied.

• The stability of over time of arsenic andmercury high–frequency electrode-
less lamps was investigated, and data on fluctuations during the lamp’s sta-
ble operation were obtained.

• The self–modulation regime in arsenic lamps was studied for the first time,
and the influence of lamp manufacturing technology on its occurrence was
assessed. The self–modulation period was calculated, and the relationship
between self–modulation and changes in line profiles was demonstrated.

• For the first time, the gas temperature in arsenic–containing high–frequency
electrodeless lamps was determined using OH rotational band spectra.

• For the first time, the Hg concentration was determined in the eggshells and
membranes of protected species – black storks, breeding in Latvia. The Hg
levels in eggshells and membranes were compared and the correlation of
Hg concentration in them was assessed. Samples collected over 20 years
from black stork nesting sites all across Latvia were used in the study.

• Within the scope of the work, the mercury concentration was determined
for the first time in the feces of black storks, who are breeding or have
hatched in Latvia. A comparison of mercury concentrations in the feces of
adult birds and chicks was conducted for the period from 2019 to 2022.

Aims of the work
1. To investigate arsenic and mercury containing light sources in order to op-

timize their performance for use in atomic absorption spectrometers. Light
sources aremanufactured at UL IAPSLaboratory ofHigh–Resolution Spec-
troscopy and Light Sources Technology.

2. To develop methodology for mercury concentration measurements in bio-
logical and environmental samples, by using atomic absorption spectrom-
eter with capillary Hg light source and Zeeman background correction.
Approbate the method by performing Hg concentration measurements in
eggshells and feces of black storks, and water samples.

Tasks of the work
1. To perform intensity measurements of UV spectral lines of arsenic and

mercury in high–frequency electrodeless light sources produced at the UL
IAPSLaboratory ofHigh–Resolution Spectroscopy and Light Source Tech-
nology, depending on their operational and manufacturing conditions.

2. To investigate the stability of As andHg high–frequency electrodeless lamps
over time and to obtain data on fluctuations in the lamps’ stable regime.
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3. To compare the impact of excitation generators on As high–frequency elec-
trodeless lamp radiation.

4. To determine the gas temperature inmultipleAs–containing high–frequency
electrodeless lamps using OH rotational spectrum lines.

5. To study the effect of the operating position of capillary on the radiation of
Hg capillary lamps.

6. To investigate the spectral lines of Hg high–frequency electrodeless lamps
in E and H discharges.

7. To compare the spectra of As andHg–containing high–frequency electrode-
less lamps with hollow cathode lamps.

8. To develop a methodology and conduct mercury concentration test mea-
surements in the eggshells, membranes, and feces of endangered black
storks.

9. To develop a methodology and conduct mercury concentration test mea-
surements in water samples.

Theses
1. Between threeAs resonance spectral lines in the far UV spectrum 189.0 nm,

193.8 nm, and 197.3 nm, the most suitable spectral line for use in atomic
absorption spectroscopy is 197.3 nm.

2. The addition of a getter improves the operating parameters of arsenic high–
frequency electrodeless lamps, by increasing intensity and enhancing sta-
bility.

3. Capillary mercury light sources should be operated with capillary posi-
tioned horizontally, while spherical Hg light sources are preferably oper-
ated in E–discharge, to avoid self–absorption of spectral lines.

4. Zeeman atomic absorption spectrometer with Hg capillary light source is
suitable method for mercury concentration determination in biological and
environmental samples. Pyrolitic atomization enables mercury concentra-
tion measurements in samples with mercury amounts close to background
levels, for example, in eggshells of endangered birds.

Main methods
1. Spectroscopic data registration – light sources’ spectra acquisition, by using

spectrometers with different spectral resolutions;
2. Spectroscopic data processing and analysis – use of such functions as inte-

gration, approximation, fitting, averaging etc.;
3. Atomic absorption spectroscopy with Zeeman background correction – an-

alytical method for mercury concentration measurements;
4. Cold–vapor method – atomization of Hg compounds, using a set of chem-

ical substances;
5. Pyrolitic atomization – atomization of Hg compounds, using pyrolitic com-

bustion.
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1. Theoretical background

1.1. Atomic absorption spectroscopy
Atomic absorption spectroscopy (AAS) is one of the first commercially de-

veloped analytical methods for the determination of concentrations of chemi-
cal elements. The operation of an atomic absorption spectrometer is based on
Lambert–Beer’s law of light absorption.

1.1.1. Basic principles of AAS
When a parallelly oriented flow of radiationwith an intensity I0 goes through

a cell with a length of x (figure 1.1), which contains atoms of the element to be
determined, the intensity of the transmitted radiation Iν is described as [30]:

Iν = I0e
−Kνx, (1.1)

where I0 is the intensity of incident light, Iν is the intensity of transmitted light,
x is the length of the cell,Kν is the absorption coefficient of the medium.

Figure 1.1: Atomic absorption cell with a
length of x. I0 is the intensity of incident
light, I is the intensity of transmitted light.
The cell contains an element with a concen-
tration of C.

Using changes in radiation intensity I , it is possible to calculate the concen-
tration of the element in the cell with the help of the Lambert–Beer law [30]:

log(
I0
I
) = A = KνxC, (1.2)

where A is absorbance, Kν is the absorption coefficient (constant in the given
system), x is the length of the cell, C is the concentration of an element in the
cell.

The expression 1.2 assumes that absorbance and concentration are linearly
related provided that Kν and x remain constant. Therefore, it is important to
note that the half–width of the spectral line used for measurements must be nar-
rower than the half–width of the absorption profile. Otherwise, concentration
and absorbance will no longer have a linear relationship, since the absorption co-
efficient Knu value will depend on the frequency [30]. During measurements,
the system is always calibrated using an appropriate certified reference material.
With its help, the relationship between concentration and change of intensity is

13



determined for the current conditions.

1.1.2. Light sources for atomic absorption spectroscopy
In atomic absorption spectroscopy, mainly line spectra light sources are

used. For a line spectrum light source to meet the requirements necessary for
AAS, it requires certain properties [13, 31]:

1) narrow and intense spectral lines;
2) resonance lines have little reabsorption and are not self–reversed;
3) the necessary spectral lines do not overlap with other spectral lines, as well

as, in their vicinity, there are no other, disturbing, spectral lines;
4) the radiation must be stable over time;
5) it is desirable that the light source would be mechanically durable, quickly

transferred into optimal working conditions, and with a long lifetime.
In addition to these conditions, it is useful if the light source and the elements

required for its operation are small in size and light in weight, as it allows to
manufacture small and portable devices [13, 32].

Currently, three types of light sources fit this description the best – hol-
low cathode lamps (HCLs), high–frequency electrodeless lamps (HFEDLs), and
lasers. The choice of the light source is influenced by the chosen element and the
objectives of the work.

1.2. Radiation and its characteristics
The intensity of the emission spectral line is determined by the concentration

of atoms at excited level i and transition probability to a lower energy level k, and
it is described by Einstein’s equation [9]:

Iik = AikNikhνik = AikNkNihνik

∫ ∞

0

v(ν)σki(ν)ν
2dν, (1.3)

where Ni – concentration of atoms in excited state i, Aik transition probability
from level i to k,Nk – concentration of atoms in ground state k, h – Planck’s con-
stant, νik – frequency of transition, σki – excitation cross section, v(ν) – function
of electron velocity distribution.

1.2.1. Spectral line profiles
Spectral line profiles are important sources of information for plasma diag-

nostics because their form is influenced by various processes happening in the
plasma [33]. As a result of these processes, spectral line broadening occurs. In
high–frequency electrodeless lamps dominant are Doppler and Lorentz broaden-
ings [34].

Instrument function
The shape of the line contour is also influenced by the hardware (spectrome-

ter) used to record the spectra, the effect of which is described by the instrument
function.
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In high–temperature and dense plasmas, the width of the instrument function
is much smaller than the width of the spectral lines, so it can be neglected. On
the other hand, in low–temperature plasmas such as those found in HFEDLs, the
width of the instrument function is comparable to the width of the experimental
line profile, so to estimate the true shape and width of the line, it is necessary to
separate it from the instrument function [35].

The measured spectral line profile f(x) is a convolution of instrument func-
tion f ′(x) and real spectral line contour f ′′(x), and it can be described as fol-
lows [33]:

f(x) =

∫ +∞

−∞
f ′′(x− y)f ′(y)dy + ζ(x), (1.4)

where ζ(x) – function, describing random errors.
To find the real contour of spectral line f ′′(x), it is necessary to solve the

inverse task. Finding a solution of inverse task, by using Tikhonov’s method
is described, for example, in [35] and [36]. By using Tikhonov’s regularization
algorithm, the initial equation 1.4 is transformed into a functional minimization
task. In such cases calculation of the real profile involves the search for minimum
value for the following functional [35]:

Mα[y, f̃ ] =
∥∥∥Ãy − f̃

∥∥∥2
F
+ αΩ[y], (1.5)

kur α > 0 regularization parameter,
∥∥∥Ãy − f̃

∥∥∥2
F
– discrepancy, Ω – stabilizing

functional.

1.2.2. Self–absorption
The form of spectral lines is important because with the increase in the line

width, the absorption cross–section changes, and consequently, also changes the
sensitivity of atomic absorption method.

In low–pressure plasma, one of the main factors influencing line shape is
self–absorption, which results in the broadening of the lines [34].

Before resonant radiation can escape from the light source, it must first pass
through the source. During this passage, there is a chance that atoms in the
ground state will absorb the radiation, diminishing the released radiation. The
self–absorption process is highly dependent on the distribution of metal atoms
in the ground and excited states [9]. It affects the line shape, broadening, and
intensity.

Self–absorption can be characterized by the coefficient Imax/I0, expressed
as the ratio of the maximum intensity of the spectral line Imax to the intensity at
the center of the spectral line I0. Schematically, the respective intensities in the
spectral line contour are marked in figure 1.2

15



Figure 1.2: An example of self–absorbed
spectral line. Intensity values Imax and I0
for calculation of self–absorption coefficient
Imax/I0 are marked on the contour.

1.2.3. Determination of plasma temperature, using Boltzmann distribution over
rotational levels
An important parameter in plasma diagnostics and practical applications is

its temperature [37]. Various temperatures are distinguished to describe the pro-
cesses occurring in plasma, including kinetic temperatures (of electrons, ions,
and atoms), excitation temperature, ionization temperature, and rotational tem-
perature [38]. The kinetic temperature of atoms is often referred to as the gas
temperature, and it is assumed to be equal to the rotational temperature [37].

A popular method for determining temperature in plasmas is the use of
single–element rotational or vibrational level series that follow the Boltzmann
distribution [37, 39]. In such cases, several conditions must be met: the plasma
must be in local thermodynamic equilibrium, the spectral lines used must be op-
tically narrow, and they must not be self–absorbed [40].

This method can be used to determine the temperature, for example, from
the OH radical’s Meinel transitions (A2Σ+ → X2Π; ν′ = ν′′ = 0) – rotational
bands at 306.4 nm. It has been found that OH radicals are formed in plasma even
at very low concentrations of hydrogen [39]. In light sources such as HFEDLs,
the formation of OH radicals is related to the presence of oxygen and hydrogen
in the quartz composition of the lamp wall, which is introduced during the man-
ufacturing process [41].

In the case of OH radical, rotational temperature can be determined, using
the following expression [38, 42]:

lg

(
Iikλik

Aik

)
= lg(C)− 0, 625Erot

T rot
, (1.6)

where λik – spectral line wavelength, Iik – spectral line intensity, Aik – tran-
sition probability, Erot – upper level energy [cm−1], T rot – temperature, C –
constant. Iikλik

Aik
is called reduced intensity. Its logarithm can be graphically plot-

ted in dependence of energy Erot, in the result obtaining points, that, in the case
of Boltzmann distribution, can be linearly approximated. Then from the slope of
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the approximation line, the temperature T rot can be calculated.
The molecular band of OH radical (A2Σ+ → X2Π) at 306,4 nm with par-

tially deciphered spectral lines of P, Q and R branches is shown in figure 1.3.

Figure 1.3: OH radical (A2Σ+ → X2Π) spectral band at 306,4 nm (adapted from P11).

Data necessary for temperature calculations from the OH radical (A–X) ro-
tational band (0–0) Q1 branch are given in table 1.1.

Table 1.1:
Spectral line transition parameters for temperature determination of OH radical (A–X) rota-
tional band (0–0) [43, 44].

Spectral line λ, nm E, cm−1 A, 108 s−1

Q1(4) 308,328 32779 33,7
Q1(5) 308,517 32948 42,2
Q1(6) 308,734 33150 50,6
Q1(8) 309,239 33652 67,5
Q1(9) 309,534 33952 75,8
Q1(10) 309,859 34283 84,1

1.3. High–frequency electrodeless discharge – types and excitation
1.3.1. Excitation of electrodeless discharge

The excitation of an electrodeless discharge occurs with the help of external
electrodes. Depending on the excitation scheme, either inductively or capaci-
tively coupled discharge can be obtained [34]. High–frequency electrodeless dis-
charge is generated by exciting it with a frequency ranging from 24 to 2450 MHz
[13]. To initiate the excitation, the light source is placed in a high–frequency
generator coil, which generates a changing electromagnetic field. When the elec-
tric field in the gas exceeds a certain value, electrons acquire enough energy to
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ionize and excite atoms. As a result, discharge in the lamp begins. Initially, the
excitation occurs, and the discharge is observed in the inert gas.

The plasma in high–frequency capacitive lamps is of low temperature, par-
tially ionized, and in local thermodynamic equilibrium.

1.3.2. Types of electrodeless discharge
There are at least two types of electrodeless discharge: E–discharge, also

called preliminary discharge andH–discharge or curling discharge. E–discharge
is excited by electric field by potential field intensity E⃗p = −gradφ, meanwhile
H–discharge excites in a magnetic field by electric curling field with intensity
E⃗v = − δA⃗

δt [31, 45]. In a real discharge both types co–exist, and the resulting
electric field is described by

E⃗ = −gradφ− δA⃗

δt
, (1.7)

where A⃗ – field’s vector potential, φ – scalar potential. Usually |gradφ| >
∣∣∣ δA⃗δt ∣∣∣,

and because of thatE–discharge is ignited first, but, when increasing the electron
concentration (up to 3 · 1010 cm−3), ignition of H–discharge is observed [45].

1.3.3. Self–modulation
In some light sources, due to the processes occurring in them, as the ap-

plied excitation generator power increases, the radiation transitions into a self–
modulation regime – its intensity periodically fluctuates by increasing and de-
creasing. The self–modulation process can be divided into two phases – the max-
imum phase and the minimum phase.

During the maximum phase, the light source is bright and high–intensity
curling discharge occurs. The end of this phase is marked by a rapid drop in inten-
sity, which can be explained by changes in the energy of free electrons. As the gas
temperature increases, the vapor pressure of the elements in the lamp increases.
Consequently, electron collisions with element atoms occur more frequently until,
at some point, the electrons can no longer accumulate enough energy to continue
excitation and jonization processes. This leads to a decrease in the intensity of
radiation emission, and the minimum phase begins [45, 46].

The minimum phase is characterized by low–intensity emission from the
working element and buffer gas. One of the theories suggests that during this
phase, the radiation transitions into the E–discharge [45]. As the plasma cools
down, the concentration of particles in the lamp’s volume decreases. Conse-
quently, electrons interact less with them and can gain enough acceleration to
restart the excitation process. A gradual transition into the maximum phase is
observed.

Intensity fluctuations during self–modulation are periodic, so it is possible
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to calculate its period T :
T =

t

n
, (1.8)

where n is the number of full self–modulation cycles during the measurement
period and t is the time to complete these full cycles.

In the thesis self–modulation is studied in As HFEDLs, but it can be also
observed in HFEDLs with such fillings as TlI2 [41], BiI3 [46] and [K17], SnCl2
[K17], Se [K18].
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2. Equipment and light sources
2.1. Investigated light sources

The study focused on spherical–shaped HFEDLs containing arsenic. These
lamps are made of quartz glass, with a spherical part diameter of 10 mm (figure
2.1 a)). They have a small, few millimeters long capillary. The working element
is arsenic, and the buffer gas is argon with a pressure of approximately 3 torr.
To initiate radiation, the lamps are placed in a coil, and excitation occurs in the
lamp’s bulb.

As lamps can be manufactured with or without a getter. A getter is a mate-
rial introduced into the lamp to capture various unwanted impurities present in it
that may arise during the lamp’s manufacturing process. One of the purposes of
introducing a getter is to improve the stability of lamp radiation [47].

The spectrum of the arsenic lamp in relative intensity units in the UV range
from 180 nm to 300 nm is shown in figure 2.2. Three As resonance lines which
are of interest for absorption studies are highlighted in the spectrum: 189.0 nm
(transition 4P5/2 → 4So

3/2), 193.8 nm (transition 4P3/2 → 4So
3/2), and 197.3 nm

(transition 4P1/2 → 4So
3/2) [48].

The study considered two forms of mercury HFEDL. The spherical Hg lamp
is similar to theAsHFEDLdescribed above. The capillaryHg lamp (figure 2.1 b))
is made of a cylindrical tube approximately 20 mm long with an internal diame-
ter of 1 mm, with a spherical bulb with a diameter of 10 mm at one end. Argon
or xenon gas at a pressure of approximately 2–3 torr was the buffer gas. In this
case, the lamp is operated using externally connected capacitively coupled elec-
trodes. The applied high–frequency electromagnetic field frequency is approxi-
mately 300 MHz, and the operating power is about 3 – 9 V. Excitation occurs in
the capillary of the lamp.

The spectrum of the mercury HFEDL in relative intensity units in the 180 –
600 nm range is shown in figure 2.3. Atomic absorption spectrometry uses the
Hg 253.7 nm resonance spectral line (transition 3P o

1 → 1S0).

Figure 2.1: Example of investigated light sources together with their excitation generators: a)
arsenic lamp; b) mercury capillary lamp.
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Figure 2.2: UV spectrum of As HFEDL from 180 to 300 nm.

Figure 2.3: Spectrum of Hg HFEDL from 180 to 600 nm.

2.2. Spectrometers
Three spectrometers with different resolution capability were used to record

spectral data:
1) Avantes AVS-PC2000 „plug–in” type spectrometer. Its spectral resolution

is 0,36 nm, and it can simultaneously register spectrum in the range of
190 nm to 850 nm.

2) Spectrometer Jobin Yvon SPEX 1000M. Equipped with 1200 lines/mm dif-
fraction grating, its focal length is 1 m, and spectra are registered with a
thermoelectrically cooled CCD camera. The range for spectral registration
is from 180 to 850 nm, spectral resolution is 0,008 nm.

3) Fourier transform spectrometer Bruker IFS–125HR. Its spectral resolution
is 0,0015 cm−1 or 5,4·10−5 nm.
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2.3. Equipment for mercury concentration measurements
Mercury concentration measurements were conducted using the RA–915M

atomic absorption analyzer, which employs the Zeeman effect for background
correction. One of the main components of the instrument is a high–frequency
electrodeless Hg capillary lamp filled with mercury isotope vapor (either 198Hg
or 204Hg) and placed in a constant magnetic field.

To measure mercury concentrations in water, the analyzer was used in con-
junction with the attachment RP–92, designed for cold vapor atomic absorption.
In this case, the instrument’s detection limit for Hg in water is 0.5 ng/l [49].

By using the RA–915M analyzer in combination with the pyrolytic furnace
PIRO–915+, it is possible to perform mercury concentration measurements in
various biological, natural, and food product samples. The advantage of this
method lies in the simplicity of sample preparation, as there is no need to dis-
solve solid samples or prepare them chemically. Minimal sample pre–treatment
reduces the risk of contaminating the samples and minimizes the loss of the ana-
lyte. In this setup, pyrolysis is used to convert all mercury species in the sample
into atomic mercury. The detection limits for solid samples range from 0.5 to
5 ng/g (lower limit for soil, higher limit for organic materials) [49].

2.4. Water sample collection and preparation for measurements
Mercury concentration measurements in water samples were conducted as

part of a collaborative interlaboratory study organized by Brook Rand Labs. Sam-
ple collection from three sampling sites in the state of Washington, USA (Heron
Pond, Sunset Pond, Everett North), was facilitated by the study organizers. Af-
ter collection, the samples were preserved using a hydrochloric acid solution to
prevent the volatilization of mercury. To ensure uniformity of the samples, sam-
ples underwent homogenization, and meticulous checks were performed to guard
against contamination during preparation [50]. After receiving the samples, the
analysis was conducted within four weeks, and the results were reported.

Sample preparation involved the mineralization of samples, during which
all mercury in the sample was converted into Hg2+ ions. The instrument was cal-
ibrated using the NIST SRM 3133 standard for mercury measurements in liquids.
To perform the measurements, the mineralized sample was mixed with a reducing
solution (SnCl2 solution), converting Hg ions into elemental mercury, which was
then directed into the analytical cell by airflow and detected by the analyzer.

2.5. Description of black stork samples and context for measurement necessity
The use of various natural samples in environmental monitoring is a widely

employed method for assessing pollution in the environment [27]. In the case
of birds, the presence of a selected toxic element can be analyzed in blood [51],
feathers [51,52], eggs [53,54], and their inner membranes [54–56], [P1, P3, P4],
and feces [P3, K10].
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Researchers aim to employ non–invasive methods when possible, as obtain-
ing such samples is simpler and less disruptive to birds [54, 56], [P1, P4]. Ad-
ditionally, in the case of eggs, studying eggshells (either hatched or failed eggs)
does not affect the number of viable young birds, which is particularly important
for endangered species [P1]. Such species include the black stork (Ciconia ni-
gra) in Latvia, as various factors such as logging, issues with finding food, and
environmental pollution are reducing the number of successfully nesting pairs in
Latvia [26].

Black Storks are fish–eating birds, with small freshwater fish making up the
majority of their diet. As a result, they are exposed to a higher risk of mercury
intake due to Hg accumulation in the food chain [29, 57].

In this study, mercury concentration measurements were conducted in black
stork eggshells and feces, in collaboration with ornithologist Dr. Biol. Māris
Strazds, who collected andmarked the samples. The samples were collected from
nesting sites all across Latvia.

After collection, eggshell samples were cleaned and dried under room con-
ditions. Before measurements, membranes were separated from the eggshells,
and both membranes and eggshells were crushed using a mortar and pestle. In
cases where membranes could not be separated from eggshells, mixed samples
were used.

Fecal samples were collected along with the vegetation on which they were
found (branches, leaves, bark). Subsequently, they were labeled with the collec-
tion date and nest number. Before measurements, feces were separated from the
vegetation as much as possible, and their visual appearance (color) was assessed.

Instrument preparation for measurements included calibration using an ap-
propriate reference material. For eggshell measurements, the mussel tissue stan-
dard ERM–278k (European Commission Joint Research Centre) was used, while
for fecal measurements, the standard BCR–060 (Lagarosiphon major, European
Commission Joint Research Centre) was employed.
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3. Spectralmeasurements of arsenic–containing high–frequency
electrodeless lamps
Within the scope of this work, 20 high–frequency electrodeless lamps con-

taining arsenic were examined. They can be divided into 2 groups: 16 lamps
without a getter and 4 lamps with a getter placed in them. These lamps were man-
ufactured at the Laboratory of High–Resolution Spectroscopy and Light Source
Technology of the Institute of Atomic Physics and Spectroscopy. To identify each
lamp, they were assigned numbers, that were also used to represent the results.
Lamps with getters are denoted with ”G” (G1, G2, G3, G4), while lamps with-
out getters are denoted with ”L” (L1, L2, L3, L4, L5, L8, L11, L13, L14, L15,
L16, L17, L18, L19, L21, LK). All the studied As spectral lines and their char-
acteristics are provided in table 3.1. Special attention was given to the resonance
spectral lines with wavelengths of 189.0 nm, 193.8 nm, and 197.3 nm.

Table 3.1:
Wavelengths, levels, and transition probabilities of arsenic spectral lines, used in the work [48].

Wavelength Lower level Upper level Trans. probab.
λ, nm Aik, 108 s−1

189.0 4s24p3 [4So
3/2] 4s24p2(3P )5s [4P5/2] 2.7

193.8 4s24p3 [4So
3/2] 4s24p2(3P )5s [4P3/2] 2.2

197.3 4s24p3 [4So
3/2] 4s24p2(3P )5s [4P1/2] 2.0

235.0 4s24p3 [2Do
3/2] 4s24p2(3P )5s [2P1/2] 3.1

245.7 4s24p3 [2Do
5/2] 4s24p2(3P )5s [4P3/2] 0.072

278.0 4s24p3 [2P o
3/2] 4s24p2(3P )5s [2P3/2] 0.78

The arsenic lamp spectra were studied with respect to:
1) their manufacturing type (with or without a getter);
2) excitation generator voltage or power;
3) the type of generator used.
Within the scope of this work, self–absorption, intensity, and radiation sta-

bility of As spectral lines were assessed, the self–modulation regime of As lamps
was investigated, and the gas temperature within the lamps was evaluated.

3.1. Determining the effect of the getter on lamp spectra
The main purpose of the getter is to „collect” impurities that enter the lamp

during the manufacturing process and which can affect the lamp’s operation, and
to achieve that spectrum is mostly made of arsenic and argon spectral lines. Var-
ious compounds containing hydrogen, oxygen, nitrogen, and carbon, such as
OH−, N2, CO2, CO, etc., can enter the lamps during the lamp manufacturing
process.

An example of a spectrum where molecular bands are observed is shown
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in figure 3.1 a), which displays the getterless lamp’s spectrum in the range from
240 nm to 340 nmwith clearly visible molecular bands in the 250 – 300 nm range,
at 306 nm, and in the 310 – 335 nm range. The spectrum recorded for a lamp
with a getter in the same conditions is shown in figure 3.1 b). Comparing both
images, it is evident that the intensities of impurity molecule bands are several
times lower in the presence of a getter. These changes demonstrate that the getter
acts to significantly reduce the amount of unwanted impurities.

Figure 3.1: Spectrum range of 240 nm to 340 nm for an As HFEDL a) lamp without getter; b)
lamp with getter.

3.2. Studies of As high–frequency electrodeless lamp spectral line intensities
The relative intensities of spectral lines were recorded using a Jobin Yvon

spectrometer. The Integrate function of OriginPro 2019b software was used to
obtain integral intensities. Each spectral line at each power value was recorded
five times, and then the average value was calculated. Standard deviation was
used to characterize the differences in spectral line intensities. The error values
obtained depended on the spectral line intensity – for lower intensities they were
larger; however, overall, relative errors did not exceed 5%.

3.2.1. Relative intensities of arsenic resonance spectral lines
One of the important steps in evaluating lamp performance is determining

changes in spectral line intensities depending on the excitation generator power
(or voltage, current). Figure 3.2 shows the intensity changes as a function of
excitation generator power in the range of 12 to 22 W for three As resonance
lines, 189.0 nm, 193.8 nm, and 197.3 nm, in 7 As HFEDLs without a getter. The
remaining 9 out of the 16 examined lamps exhibited self–modulation at relatively
low generator power levels (see Section 1.3.3), so they were not included in these
graphs.
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Figure 3.2: The change of relative intensities in dependence of excitation generator power in the
12 – 22 W range for arsenic resonance spectral lines with wavelengths 189.0 nm, 193.8 nm, and
197.3 nm in HFEDLs without a getter. Remark: experimentally obtained points are connected for
better visuality only.

Theoretically, it is expected (see table 3.1) that the 189.0 nm spectral line
will be the most intense, while the intensity of the 197.3 nm spectral line will
be the lowest. However, figure 3.2, shows that the measured intensities of the
189.0 nm spectral line are several times lower than those of the 193.8 nm and
197.3 nm spectral lines. Similarly, it can be observed that the intensity of the
197.3 nm line is higher than that of the 193.7 nm line. These differences are
related to two factors – firstly, the sensitivity of the spectrometer rapidly changes
in the 180 nm– 200 nm range, and at 189 nm, it is lower. Secondly, in the 180 nm–
200 nm range, the oxygen absorption capacity in the air increases significantly.
Due to the relatively long distance the radiation has to travel in the air from the
light source to the spectrometer matrix (2 m), atmospheric oxygen can partially
absorb this radiation. For these reasons, the observed intensity of the 189.0 nm
spectral line is lower than that of the other two resonance lines.

When using HFEDLs in atomic absorption spectrometers, the distance the
radiation has to travel is shorter, but atmospheric oxygen can still partially absorb
it. This should be taken into account when choosing the most suitable spectral
line for absorption measurements.

Comparing data from several HFEDLs, it is observed that the radiation in-
tensity varies slightly between lamps. Lamps L3 and L14 exhibit higher relative
intensities for spectral lines than the others. Differences between lamps can be
explained by factors such as the lamp manufacturing process and operating con-
ditions. Although lamps are usually manufactured in small groups, each lamp
is considered an individual, as some manufacturing steps, such as melting and
post–melting processing, are performed separately for each lamp. On the other
hand, operating conditions are influenced by the environment, such as tempera-
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ture, and the lamp’s placement in the excitation generator socket. To better com-
pare lamps with each other, the same measuring conditions are chosen, but some
deviations are possible. Additionally, it is evident that there are common trends
observed in the group of lamps – the previously described spectral line ratio is
maintained in all lamps, and spectral line intensities are within reasonably similar
values. All lamps exhibit the expected increase in spectral line intensity as the
excitation generator power is augmented. At higher power levels, it can be seen
that the radiation starts to saturate, and the intensity does not further increase.
One possible explanation for this is the self–absorption of these spectral lines.

Out of the studied 20 As HFEDLs, four had getters. The changes in the
intensities of the As resonance lines 189.0 nm, 193.8 nm, and 197.3 nm as a
function of excitation generator power in the 11 to 22 W range for these lamps
are shown in figure 3.3.

Figure 3.3: The change of relative intensities in dependence on excitation generator power in
the 11 – 22 W range for arsenic resonance spectral lines with wavelengths 189.0 nm. 193.8 nm
and 197.3 nm in HFEDLs with a getter. Remark: experimentally obtained points are connected for
better visuality only.

For lamps with getter, it is also observed that the 189.0 nm spectral line has
the lowest recorded intensity, while the 197.3 nm spectral line has the highest
intensity. The intensity of spectral lines at lower excitation generator powers is
similar in all four lamps but, as the power increases, the intensities in the lamps
increase at different rates. The lowest relative intensity values were observed in
lamp G2, while the highest were in lamp G3.

Comparing lamps with a getter to the getterless ones, it is evident that the
relative intensity for lamps G1 and G4 is similar to what is recorded in getterless
lamps. The intensity of spectral lines in lamp G3 is higher, but in lamp G2, it
is slightly lower than in lamps without a getter. Unlike lamps without a getter,
lamps with a getter exhibit a rapid increase in intensity as the excitation generator
power increases. In the given power range, radiation saturation is not observed.
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This could be explained by the getter’s ability to capture atoms andmolecules that
could potentially reduce emission radiation intensity. It can be concluded that the
addition of getters improves the spectral properties of lamps.

3.2.2. Influence of the excitation generator on spectral line intensity
Certain As lamps were studied using two generators: one with an excitation

frequency of 300 MHz (operating voltage range of 9 – 15 V) and another with
a frequency of 100 MHz (operating voltage range of 20 – 29 V). The 100 MHz
frequency excitation generator was operated at 20 – 29 V, which corresponded
to approximately 11.5 – 20.5 W of power depending on the lamp’s input current.
The 300 MHz frequency excitation generator was operated at 9 – 15 V, which
corresponded to approximately 4.0 – 12.0 W of power. The selected operating
voltage was related to the processes occurring within the lamps and was chosen
to be within a range where the recorded As spectral line radiation was sufficiently
intense and stable.

The obtained relative intensity values for arsenic 189.0 nm, 193.8 nm, and
197.3 nm spectral lines as a function of excitation generator power for the lamp
without a getter are shown in figure 3.4, while for a lamp with a getter, they are
shown in figure 3.5.

Figure 3.4: Comparison of spectral line 189.0 nm, 193.8 nm, and 197.3 nm intensities in depen-
dence of power of excitation generator, when using generators with 300MHz (left) and 100MHz
(right) excitation frequency for lamp without getter. Remark: experimentally obtained points are
connected for better visuality only.

For both lamps using the 300MHz frequency excitation generator, the emis-
sion of As resonance lines is more intense compared to using the 100 MHz fre-
quency excitation generator. In the case of the lamp without a getter, the maxi-
mum relative intensity recorded with the 300MHz frequency excitation generator
is approximately 3 times higher than that with the 100 MHz frequency excitation
generator for all three spectral lines. For the lamp with a getter, the intensity ratio
is lower – the relative intensities for the 189.0 nm spectral line are similar, but for
the 193.8 nm and 197.3 nm lines, the maximum intensity differs by approximately
2 – 2.5 times.
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Figure 3.5: Comparison of spectral line 189.0 nm, 193.8 nm, and 197.3 nm intensities in depen-
dence of power of excitation generator, when using generators with 300MHz (left) and 100MHz
(right) excitation frequency for lamp with getter. Remark: experimentally obtained points are con-
nected for better visuality only.

In any case, it is evident that the high–frequency electrodeless lamp with a
getter has higher spectral line intensities. Additionally, when using the 300 MHz
frequency generator, lower operating power is required to achieve high intensities
– this can be achieved at around 10 – 12 W of power for the lamp with a getter
and 8 – 10 W of power for the lamp without a getter. When operated at lower
power, the lamp’s lifetime is extended [9], making a higher–frequency generator
potentially more suitable for lamp excitation for AAS applications.

3.3. Self–absorption
One of the main requirements for the use of HFEDLs in AAS is to minimize

self–absorption of the used spectral lines because it reduces line intensity and
broadens them.

To determine the impact of self–absorption, As spectral lines were measured
using a high–resolution Fourier–transform spectrometer [P2, P5]. However, even
in this case, to obtain real line profiles and assess the presence of self–absorption,
it is necessary to remove the instrument function from the experimentally ob-
tained spectrum.

Hereafter, the self–absorption of As resonance spectral lines in two arsenic
lamps is examined. In the first lamp, more attention is paid to the 197.3 nm
spectral line [P5].

In figure 3.6 a), the contour of the As 197.3 nm spectral line is shown be-
fore and after the removal of the spectrometer’s instrumental function at 9.8 W
generator power. It can be observed that although the instrumental function only
slightly affects the line width, it „masks” the depth of the line self–absorption.

Figure 3.6 b) compiles the contours of the 197.3 nm spectral line at various
excitation generator power values ranging from 5.2 W to 9.8 W. At 5.2 W, the
line is not self–absorbed, but as the power increases, it becomes self–absorbed,
and the dip at the line center deepens, while the line width also increases.
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Figure 3.6: Profile of As 197.3 nm spectral line and its changes: a) experimentally obtained
profile and profile after deconvolution, b) profile changes in dependence on generator power in
5.2 – 9.8 W range after deconvolution [P5]. Remark: experimentally obtained points are connected
for better visuality only.

In figure 3.7, the change in the self–absorption coefficient Imax/I0 (see
section 1.2.2) is shown as a function of the excitation generator power. The self–
absorption coefficient is determined for both the experimentally recorded spectral
line and spectral line after removing the spectrometer’s instrumental function.

Figure 3.7: Changes of self–absorption
coefficient Imax/I0 in dependence of
excitation generator power before and
after the removal of the instrument
function for As 197.3 nm spectral line
[P5].

It can be concluded that the value of the self–absorption coefficient increases
exponentially as the excitation generator power increases. Based on these data,
the optimal operating power for this lamp is approximately 9W.When comparing
the values of the self–absorption coefficient for a spectral line before and after the
removal of the instrument function, it can be observed that at higher excitation
generator power, the coefficients differ more significantly. The instrument func-
tion has a greater impact on the real line profile and masks the self–absorption.

Similar processes were observed in the second examined HFEDL. In figure
3.8 a), the contour of the As 189.0 nm spectral line is shown before and after the
removal of the instrument function at 15.1 W generator power. For this line as
well, the instrument function masks the self–absorption dip.
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Figure 3.8: Contour of As 189.0 nm spectral line and its changes: a) contour before and after
removal of instrumental function. b) changes of contour depending on generator power in 11.0
to 17.7 W range. experimental data [P2]. Remark: experimentally obtained points are connected
for better visuality only.

In figure 3.8 b), the contours of the As 189.0 nm spectral line are compared
at generator powers ranging from 11.0 to 17.7 W before removing the instrument
function. The intensity of the spectral line increases up to power values of 13.8W,
and at 15.1 W, the intensity is even higher, but a noticeable self–absorption dip
becomes apparent at 16.5 W and 17.7 W.

For three arsenic resonance spectral lines their self–absorption was quanti-
tatively assessed, using coefficient Imax/I0, its values for six generator power
values are given in table 3.2.

Table 3.2:
Self–absorption coefficient for As 189.0 nm. 193.8 nm and 197.3 nm spectral lines after removal
of instrumental function. at various generator power values [P2].

Imax/I0
Power. W 11.0 12.4 13.8 15.1 16.5 17.7
189.0 nm 1.0 1.0 1.0 1.2 5.4 31.0
193.8 nm 1.0 1.0 1.0 1.5 7.2 38.6
197.3 nm 1.0 1.0 1.0 1.1 2.8 8.9

As expected, the least self–absorption is observed for the 197.3 nm spectral
line, since this line has the lowest transition probability among the examined As
resonance lines (table 3.1).

Based on the transition probability values, the 189.0 nm spectral line would
be expected to be the most self–absorbed. However, it was not confirmed in
this study. Considering that the intensity of the 189.0 nm spectral line is most
affected by the oxygen absorption capacity in the air, it is possible that the loss
of intensity also influenced the self–absorption. It would be useful to perform
spectral registration in a non–oxygen environment for wavelengths shorter than
190 nm.

When increasing the power, an increase in spectral line intensity is expected,
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at the same time at higher powers self–absorption is observed. So it can be con-
cluded that the optimal operating power for these lamps, based on these parame-
ters, is approximately 14 – 15 W.

3.4. Radiation stability
Radiation stability is one of the key parameters characterizing the suitability

of light sources for AAS. Lamp stability is described by several parameters, in-
cluding radiation stabilization after switching on, stability during measurements
(short–term stability – minutes, hours), long–term stability (lamp lifetime), and
unstable operating modes (self–modulation).

To characterize lamp radiation stability over a longer period, comparable
to the duration of AAS measurements, a stability graph of As resonance lines
was recorded using a Jobin Yvon spectrometer. The total spectrum acquisition
time was one hour, and spectra were recorded every 15 seconds. The results of
the changes in the integral intensities of the 189.0 nm, 193.8 nm, and 197.3 nm
spectral lines over an hour are shown in figure 3.9.

Figure 3.9: Stability of As
189.0 nm, 193.8 nm and 197.3 nm
spectral lines during 1 hour [P2,
K5].

After switching on, the lamp takes about 15 minutes to warm up. During
this time, the radiation intensity increases rapidly and then begins to saturate.

Once the radiation stabilized, the integral intensity of the 189.0 nm spectral
line fluctuated around the average value of 148 ± 1 relative units. The inte-
gral intensity of the 193.8 nm spectral line fluctuated around the average value
of 491 ± 2 relative units. The integral intensity of the 197.3 nm spectral line
fluctuated around the average value of 684 ± 2 relative units. The percentage
radiation fluctuations were 0.7% for the 189.0 nm line, 0.4% for the 193.8 nm
line, and 0.3% for the 197.3 nm line. Literature indicates that stable HFEDL ra-
diation fluctuations do not exceed 2% [13], therefore it can be concluded that the
examined As lamp operates stably.

To compare both the As and Ar spectral line changes over time, they need
to be recorded simultaneously. The Avantes spectrometer provides this capability
for the spectral range from 180 nm to 850 nm. Due to the limited sensitivity of the
spectrometer, there is very low intensity for spectral lines at wavelengths shorter
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than 200 nm. Therefore, other As spectral lines – 245.7 nm and 278.0 nm – were
chosen to represent the processes occurring in the lamp. The stabilization of the
245.7 nm and 278.0 nm As lines, as well as the 763.5 nm and 811.5 nm Ar lines,
over 20 minutes after setting the excitation generator voltage to 23 V, 25 V, 27 V,
and 29 V, is shown in figure 3.10 [K18].

Figure 3.10: Intensity changes of As 245.7 nm, As 278.0 nm, Ar 763.5 nm and Ar 811.5 nm
spectral lines during 20 min after setting excitation generator voltage to values of 23 V, 25 V,
27 V un 29 V [K18].

Immediately after setting the generator voltage, a rapid intensity change is
observed, followed by radiation stabilization. Initial stabilization or warming up
occurs in about 5 to 15 minutes, after which lamp is ready for operation. At the
beginning of the discharge, there are only buffer gas atoms in the lamp, so the Ar
spectral lines are more intense. As the lamp warms up, the pressure of As vapor
increases, and consequently, the As discharge intensity increases. Increasing the
excitation generator voltage results in a decrease in the Ar discharge – As line
intensity increases, but the Ar line intensity decreases [K18].

3.5. Self–modulation
The stability of As HFEDLs was assessed at various voltage values of the

excitation generator in the range from 20 to 29 V. Some of the As–containing
HFEDLs switched to self–modulation mode at some point. The self–modulation
spectra were recorded using a Jobin Yvon spectrometer.

3.5.1. Self–modulation depending on the lamp type
The lamps with a getter operated stably within the considered voltage range.

This suggests that the presence of a getter helps to stabilize the operation of
the lamps. Lamps without a getter could be divided into two groups: 1) some
lamps operated stably up to a voltage of 27 – 28 V, and 2) for some lamps, self–
modulation started at a voltage of 23 – 25 V. Due to the changing light inten-
sity, atomic absorption measurements cannot be performed using light sources
that operate in self–modulation mode. For this reason, for elements contained
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in lamps where this effect is observed (including arsenic), to choose the optimal
lamp operating mode, a) the power range in which the lamp operates stably must
be taken into account, and/or b) changes in the lamp manufacturing technology
must be introduced. However, although self–modulation has no direct applica-
tion in atomic absorption spectroscopy, it can be used to study processes occur-
ring in low–temperature plasmas and the interaction between atoms, ions, and
molecules. Since the voltage remains constant during the self–modulation pro-
cess, but the current changes, for the description of the self–modulation process
the voltage of the excitation generator rather than the power was used.

3.5.2. Self–modulation of As and Ar spectral lines
It is known that excitation and discharge processes in the working substance

and buffer gas vapors are interconnected. Initially, when buffer gas atoms are
available in the lamp, the discharge starts in the buffer gas vapor first. However,
as the lamp warms up and the metal in the lamp vaporizes, the excitation of the
work element atoms becomes more active [34]. This gradual change in discharge
can also be observed during self–modulation. Changes in the intensities of As
278.0 nm and Ar 763.5 nm spectral lines during self–modulation at 29 V in a
lamp without a getter are shown in figure 3.11. It can be seen that in each cycle,
the discharge first starts in argon. It is then followed by a gradual start of the
discharge in As vapor and a simultaneous decrease in the intensity of Ar emission
spectral lines. Then, the lamp overheats, and the intensities drop rapidly.

Figure 3.11: Self–modulation of
As 278,0 nm and Ar 763,5 nm
spectral lines in As getterless
lamp. Excitation generator volt-
age is 29 V [K2].

3.5.3. Self–modulation at different voltage values
For the group of lamps without a getter, where self–modulation started at

voltage values of 23 V to 26 V, the influence of the excitation generator voltage
on the self–modulation regime was investigated.

For example, in figures 3.12 a) and b), self–modulation is observed for three
As resonance spectral lines from the same As lamp at two different excitation
generator voltages, namely 24 V and 28 V. From the graphs, it can be seen that
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the formation of As vapor occurs more rapidly at 28 V, as the intensity of As
spectral lines increases more quickly compared to the case with 24 V voltage.
As the concentration of vaporized atoms and molecules reaches the point where
there is no longer sufficient stimulation of radiation, the decrease in intensity also
occurs earlier. Therefore, it is observed that increasing the voltage shortens the
self–modulation period.

Figure 3.12: Example of self–modulation for As 189.0 nm, 193.8 nm and 197.3 nm spectral lines
at excitation generator voltage of a) 24 V, b) 28 V [K5].

3.5.4. Determination of the self–modulation period
To calculate the period, self–modulation oscillations were recorded at exci-

tation generator voltages ranging from 24 V to 29 V. At each of these generator
voltage values, the self–modulation process was recorded for 2 to 3 minutes, du-
ring which 3 to 7 self–modulation cycles were repeated. These measurement cy-
cles were repeated five times. The measurements were conducted under the same
conditions, and the lamp was turned off and cooled between them to eliminate the
influence of temperature.

Subsequently, using the expression 1.8, the self–modulation periods were
calculated for each measurement cycle, and the average period values were cal-
culated for each voltage value. The obtained average period values as a function
of the generator voltage are shown in figure 3.13.

As the generator voltage is increased, the self–modulation period decreases
because the processes in the lamp occur more rapidly. At 24 V, the average self–
modulation period was 56 s, and it exponentially decreased further. At 29 V,
the self–modulation period for HFEDL was 21 s. The largest difference between
measurement cycles was observed at 24 V, with a relative error of approximately
17%. This difference may be explained by the fact that the voltage range be-
tween 23 V and 24 V for the lamp under study is a transition region between
stable operation and self–modulation. Since self–modulation is related to phys-
ical quantities such as plasma temperature and the concentration of ions, atoms,
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Figure 3.13: Changes in self–modula-
tion period in dependence on excitation
generator voltage. Data points were
approximated using exponent equation
1.1 · 109e(−x/1.4) + 20.8 [K2].

and molecules in the lamp, as well as their interactions, there is a probability that
eachmeasurement cycle had slightly different „initial conditions” that determined
the occurrence of self–modulation.

For voltages from 25 V to 29 V, the measurements exhibited good repeata-
bility. The relative error at 25 V was 5%, and at other voltage values, it was ap-
proximately 10%. The accuracy of the voltage setting within±0.1 V and the pos-
sible current variations within ±0.01 A influenced the resulting power at which
the lamp operated each time.

3.5.5. Changes in line profiles during self–modulation
Changes in spectral line profiles were analyzed during several self–modula-

tion periods to study how they change during the self–modulation regime.
For the description of work element spectral lines, the As 235.0 nm spectral

line was chosen because it is intense and not a resonance spectral line, reducing
the possibility of self–absorption.

For buffer gas spectral line description the Ar 763.5 nm spectral line was
selected because it is intense and has been previously examined in this work.

The Gaussian half–width was calculated using the FitPeak function in
OriginPro 2019b software by fitting with a Gaussian function.

A comparison of the As 234.9 nm spectral line’s integral intensities with
its Gaussian half–width during a 1.5–minute self–modulation process at 27 V
excitation generator voltage is shown in figure 3.14.

Comparing the changes in spectral line intensities during the cycle with
changes in Gaussian half–widths over the corresponding time, it can be observed
that during the spectral line intensity increase, the Gaussian half–width remains
unchanged, but it changes immediately after the intensity drop. These changes
overall indicate that the half–width initially decreases, then increases, and then
returns to its average value in every pulse.
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Figure 3.14: Comparison of integral intensities andGaussian half–width of As 235.0 nm spectral
line during self–modulation process at 27 V excitation generator power.

In figure 3.15, a comparison of changes in the Ar 763.5 nm spectral line in-
tensity with changes in Gaussian half–width during a 1.5–minute self–modulation
process at 27 V excitation generator voltage is shown.

In the case of argon, it can be observed that the spectral line half–width
remains unchanged during the maximum phase of the pulse, but as the argon
intensity decreases rapidly, the spectral line half–width also decreases.

Doppler broadening relates spectral line Gaussian half–width to tempera-
ture, but, in this case, temperature determination from the Gaussian half–widths
for both arsenic and argon was not possible as the recorded spectral lines did not
have sufficient resolution. However, changes in half–widths may be associated
with temperature variations in the lamp. The observed changes in half–widths,
specifically the decrease in the minimum phase, coincide with the expected tem-
perature variations during the self–modulation process, as discussed in theory.

Figure 3.15: Comparison of integral intensities and Gaussian half–width for Ar 763.5 nm spec-
tral line during self–modulation process at 27 V excitation generator power.
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The relationship between temperature and self–modulation processes in
high–frequency electrodeless lamps containing BiI3 was described in the work
by Zinge et al. [46]. In this work, it was calculated that the electron tempera-
ture varies from about 0.4 eV in the maximum phase to about 0.65 eV in the
minimum phase [46]. Additionally, the change in rotational temperature during
self–modulation in thallium HFEDL was examined in the work [41]. For temper-
ature determination, the OH radical and the C2 molecule were used. These results
showed that the rotational temperature also varies periodically. The temperature
change determined from OH radical during self–modulation was approximately
250 K [41].

3.6. Temperature determination using the distribution of OH radical rotational
spectrum intensities
In several As HFEDLs, it was possible to observe the OH radical rotational

spectrum lines in the 306 nm region for the A2Σ+ → X2Π transition, which can
be used for rotational temperature determination [P11]. A Jobin Yvon spectro-
meter was used for the registration of OH rotational molecular spectra.

In two of the As HFEDLs, spectral lines of OH rotational molecule were
suitable for temperature determination (the spectral lines were sufficiently intense
and did not overlap with other molecular spectral lines). Figure 1.3 was used for
spectrum decryption.

To determine the plasma temperature, the intensities of the OH radical ro-
tational spectrum Q1 branch spectral lines Q1(4) – Q1(6) and Q1(8) – Q1(10)
marked in figure 1.3 were first read from the recorded spectra.

Then, using the 1.6 formula and the values provided in table 1.1, the values
of points for the Boltzmann semi–logarithmic graph for temperature determina-
tion were calculated. Each lamp had 8 values calculated for 8 different power
values: for the L3 lamp from 14 to 21 W (figure 3.16 a)) and the L14 lamp from
13 to 20 W (figure 3.16 b)). From the graphs (figure 3.16), it can be seen that
in most cases, the population distribution of As HFEDL by rotational levels fol-
lows the Boltzmann distribution only for the J=4, J=5, and J=6 levels (the first
three points in each power group). Therefore, for temperature calculation, only
the intensities of the Q1(4), Q1(5), and Q1(6) lines were used.

The respective calculated logarithm values of reduced intensities for Q1(4)
– Q1(6) spectral lines were linearly approximated, and their slopes were deter-
mined. Since, according to equation 1.6, the slope value is equal to −0.625

Trot , tem-
perature can be expressed and calculated from this equation.
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Figure 3.16: Boltzmann semi–logarithmic graphs forOH (A–X (0–0))Q1 branch spectral lines in
a) arsenic HFEDL number L3 b) arsenic HFEDL number L14 for different excitation generator
power values.

The obtained temperature values as a function of the input generator power
are shown in figure 3.17. For the estimation of temperature errors, the standard
deviations of the determined slopes of approximation lines were used.

Figure 3.17: Rotational temperature determined from OH radical rotational band (transition
A2Σ+ → X2Π) Q–branch spectral lines in two As–containing HFEDLs (L3 and L14).

It can be observed that the temperature increases in both lamps as the gen-
erator power increases.

In the L3 lamp, the temperature increases from 950 K at 14.0 W to 1250 K
at 21.0 W. The temperature determination errors for this lamp do not exceed 8 %,
with the largest errors occurring at 14.0 W and 17.3 W.
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In the L14 lamp, the temperature increases from 950 K at 13.0 W to 1100 K
at 19.7W. Temperature determination errors for this lamp are 10 % or less, except
at 13.1 W, where it is 18 %, and at 19.7 W, where the error is 11 %. The large
error at low power levels could be explained by the low intensity of spectral lines.

This temperature range aligns with what has been observed in similar con-
ditions in other high–frequency electrodeless lamps. For instance, in argon–
hydrogen HFEDL, it increased from 650 K to 1100 K [P11], in thallium HFEDL
from 820 K to 1060 K [41], and in mercury HFEDL, the temperature was deter-
mined to be in the range of 600 K to 1700 K [58].
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4. Spectralmeasurements ofmercury–containing high–frequency
electrodeless lamps
In this work spherical and capillary mercury–containing high–frequency

electrodeless lamps were studied. Spectral line intensities and stability were mea-
sured by Jobin Yvon spectrometer, but spectral line profiles were registered with
Fourier spectrometer.

The main attention was given to the mercury resonance spectral line with a
wavelength of 253.7 nm (transition 5d106s6p [3P o

1 ]→ 5d106s2 [1S0]; transition
probability Aik=8, 4 · 106s−1).

4.1. Hg capillary high–frequency electrodeless lamp
4.1.1. Influence of capillary on radiation spectra

In the case of capillary HFEDL, capillary position influences the spectrum
of radiation [K7, K3]. Up to date, this phenomenon has been mainly studied in
Hg spectral lines of visible light [59].

Hg capillary lamp can be positioned in three ways – with capillary horizon-
tally (figure 4.1 a)), with capillary vertically and reservoir down (figure 4.1 b)),
with capillary vertically and reservoir up (figure 4.1 c)).

Figure 4.1: Position of capillary: a) hor-
izontally, b) vertically with the reservoir
down, c) vertically with the reservoir up.

Profiles of the Hg 253.7 nm spectral line in dependence of capillary position
are shown in figure 4.2. The generator of capacitative excitation is supplemented
with a magnet so it is possible to observe hyperfine splitting of spectral lines due
to the Zeeman effect in magnetic field.

It can be seen that the highest radiation intensity is achieved when the lamp’s
capillary is positioned horizontally. The radiation from a vertically positioned
capillary is several times lower, and higher intensity is observed when the lamp’s
reservoir is positioned upwards, while the radiation intensity is lowest when the
reservoir is positioned downwards.

4.1.2. Stability of radiation
To assess the stability of the capillary HFEDL over time, changes in the

intensity of theHg 253.7 nm spectral linewere recorded over half an hour, with the
capillary positioned in each of the three positions: horizontally, with the reservoir
up, and down. This allows for the simultaneous analysis of both radiation stability
and the capillary’s effect on radiation. The stability graphs for the spectral line
are shown in figure 4.3.
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Figure 4.2: Relative intensity and
profile of Hg 253.7 nm spectral
line in dependence on capillary
position. Hyperfine splitting due
to the Zeeman effect in a magnetic
field can be observed [K3].

As in the previous comparison, the highest radiation intensity is observed
when the capillary is positioned horizontally. In this case, the radiation intensity
fluctuated around the average value of 259 ± 5 relative units.

Figure 4.3: Intensity changes of
Hg 253.7 nm spectral line in capil-
lary lamp in 30 min period. Mea-
surements were done for three
capillary positions – horizontal
and vertical with reservoir either
up or down.

In contrast, for a vertically positioned capillary, it is several times smaller.
When the reservoir is placed upwards, the radiation intensity is approximately
2.5 times lower than in the case of a horizontally positioned capillary and fluctu-
ated around the average value of 96 ± 3 relative units. When the reservoir was
positioned downwards, the radiation intensity was approximately 24 times lower
than when the capillary was positioned horizontally and fluctuated around the
average value of 11.2 ± 0.2 relative units.

The radiation is stable in all orientations. Intensity fluctuations for a hori-
zontally positioned capillary were 2.1 %. When the lamp’s reservoir was placed
upwards, radiation fluctuations reached 3.1 %, and when the reservoir was down-
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wards, it was 1.8 %. A horizontally positioned capillary lamp meets the condi-
tions of a stable lamp [13].

It can be concluded that the most suitable orientation for the Hg capillary
lamp is horizontal because in this case, the radiation is the most intense, while
the least suitable orientation is with the capillary positioned vertically and the
spherical reservoir downwards, as in this case, the signal–to–noise ratio, which is
essential for AAS sensitivity, is the lowest.

4.2. Hg spherical high–frequency electrodeless lamp
4.2.1. Stability of radiation

Using the Jobin Yvon spectrometer, the 253.7 nm resonance spectral line in-
tensity changes were recorded for 1 hour and 20minutes for the mercury spherical
HFEDL.

By integrating the spectral line intensity over its contour, it was observed that
the integral intensity value remains stable over time once the lamp has warmed
up, as shown in figure 4.4 a).

Because of the high resolution of the spectrometer, it was possible to ob-
serve that the line profile changes slightly over time, with a decrease in the line’s
maximum intensity and an increase in its width. The change in maximum in-
tensity is shown in figure 4.4 b), while the change in spectral line half–width is
shown in figure 4.4 c). Comparing both graphs, it can be seen that the change in
maximum intensity is correlated with the change in half–width. This effect is re-
lated to temperature fluctuations in the lamp, as the lamp uses thermal insulation
but is not temperature–controlled.

Figure 4.4: Changes of
Hg 253.7 nm spectral
line during 1 h 20 min:
a) for integrated in-
tensity, b) for spectral
line’s max intensity,
c) for spectral line’s
half–width.

The integral intensity of the spectral line in the stable operating mode fluc-
tuated around the average value of 182 relative units with a standard deviation of
2 units. Consequently, the intensity fluctuations were within the range of 1.1 %.
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4.2.2. Radiation in E– and H–discharges
Hg 253.7 nm spectral line is very intense, so it can be studied both – in

E–discharge and H–discharge.
Within the scope of thework, the relative intensity change of theHg 253.7 nm

spectral line was examined from 2.2 to 9.0 W of power, and the recorded integral
spectral line intensities are shown in figure 4.5 a). It can be observed that the
intensity of the 253.7 nm spectral line increases almost linearly from the power
values of 2.2 to 4.8 W (corresponding to a voltage range of 9 to 14 V), followed
by a sharp increase.

Figure 4.5: a) Changes of integral intensity of Hg 253.7 nm spectral line depending on excitation
generator power (in 2.2 – 9.0 W range). Remark: experimentally obtained points are connected for
better visuality only. b) Current in dependence of voltage.

It was observed that in this range at approximately 15 V voltage, there is a
transition from E–discharge to H–discharge. For this reason, the graph shows
both a rapid increase in intensity (on the y–axis) and a change in power values
(on the x–axis) from 4.8 W at 14 V voltage to 7.2 W at 15 V voltage – when
transitioning to H–discharge, the lamp’s current also increases sharply (figure
4.5 b)), resulting in an increase in power. Following the jump, there is a gradual
decrease in intensity at 7.2 to 9.0 W of power, which corresponds to a voltage
range of 15 to 17 V.

Similar intensity changes are visible in figure 4.6, which shows how the
profile of the Hg 253.7 nm spectral line changes depending on the power of the
excitation generator, ranging from 2.6 to 9.0 W. The spectral line structure is also
visible, which forms due to isotopic splitting in the lamp with a natural mercury
mixture.

From 2.6 to 8.2 W, the intensity of the Hg spectral line increases, and in the
power range from 5.3 to 8.2 W (corresponding to 15 – 16 V), there is a jump in
intensity, transitioning from E–discharge to H–discharge. Afterward, from 8.2
to 9.0 W, a decrease in intensity is observed.

When evaluating the spectral line shape, it can be concluded that already at
5.3 W, self–absorption of the spectral line is visible, with a decrease in intensity
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Figure 4.6: Relative intensities of mercury 253.7 nm spectral line as a function of excitation
generator power (from 2.6 W to 9.0 W). The spectral line splitting is visible due to isotopic
composition and hyperfine structure.

in the central part of the spectral line components. Self–absorption increases in
H–discharge.

From this, it can be deduced that, unlike As HFEDL or Zn HFEDL (as men-
tioned in P8), which operate in H–discharge mode to achieve optimal spectral
line intensity, it is recommended to operate Hg HFEDL in E–discharge mode to
avoid self–absorption. An optimal power of approximately 3.6 to 4.2 W, corre-
sponding to 12 – 13 V voltage, has to be chosen to ensure that the Hg 253.7 nm
spectral line is not self–absorbed.
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5. Comparison of high–frequency electrodeless lamps and hol-
low cathode lamps
The radiation of high–frequency electrodeless lamps containing arsenic and

mercury were compared with respective hollow cathode lamps. To do it, spectra
were recorded under identical conditions (lamp placement, environmental condi-
tions, integration time while recording the radiation), and each lamp was operated
within its respective optimal operating range. The optimal power range for HCLs
was indicated in the lamp specifications given by the manufacturer.

Comparison of arsenic HFEDLs and HCLs
The spectrum of arsenic HFEDL was recorded in the power range from 12.4

to 18.8 W, corresponding to a voltage range of 21 to 27 V (current ranged from
0.59 to 0.70 A). The spectrum of As HCL was recorded in the power range from
1.2 to 2.6 W, corresponding to a current range of 5 to 9 mA (voltage varied be-
tween 246 and 289 V), with the manufacturer’s recommended optimal current
value being 7 mA and the maximum allowable current being 10 mA.

The integral intensities of the As 189.0 nm, 193.8 nm, and 197.3 nm spec-
tral lines as a function of power for both lamps are shown in figure 5.1 a). An
expanded graph of the integral intensities of As resonance spectral lines for HCL
is shown in figure 5.1 b).

Figure 5.1: Comparison of arsenic containing HFEDL and HCL: a) Integral intensities of As
189.0 nm, 193.8 nm and 197.3 nm spectral lines in HFEDL and HCL; b) zoomed–in graph part,
showing integral intensities of As 189,0 nm, 193,8 nm and 197,3 nm spectral lines in HCL [K14].

By comparing the intensities of all three As spectral lines in the two exam-
ined lamps, it is evident that in the high–frequency electrodeless lamp, they are
muchmore intense. Assuming that the optimal operating power for HFEDL is ap-
proximately 15 W and for HCL it is around 2 W, the As spectral lines in HFEDL
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are approximately 1000 to 1500 times more intense, depending on the selected
spectral line.

Comparison of mercury HFEDLs and HCLs
The mercury HFEDL spectrum was recorded in the power range from 2.5 to

5.0 W, corresponding to a voltage range of 10 to 13 V (current ranged from 0.25
to 0.32 A). On the other hand, the Hg HCL spectrum was recorded in the power
range from 0.6 to 1.6 W, corresponding to a current range of 3 to 7 mA (voltage
varied between 194 and 233 V), with the manufacturer’s recommended optimal
current value being 5 mA and the maximum allowable current being 8 mA.

For comparing the intensities of mercury spectral lines, the resonance spec-
tral line at 253.7 nm and a spectral line from the visible spectrum at 546.1 nm
were used.

Both selected spectral line integral intensities as a function of power for
both lamps are shown in figure 5.2 a). An expanded graph of Hg spectral line
integral intensities specifically for HCL is shown in figure 5.2 b). Comparing the
intensities of both Hg spectral lines in the two examined lamps, it is evident that
the Hg spectral lines in HFEDL are considerably more intense.

Figure 5.2: Comparison of mercury containing HFEDL and HCL: a) Integral intensities of Hg
253.7 nm and 546.1 nm spectral lines in HFEDL and HCL; b) expanded graph part, showing
integral intensities of Hg 253.7 nm and 546,1 nm spectral lines in HCL [K14].

The given optimal operating power for Hg HFEDL is approximately 3.6 W,
while for HCL, it is approximately 1.1 W. Comparing the Hg spectral line in-
tensities at the optimal power values, it can be concluded that the Hg spectral
line intensity in HFEDL is approximately 25 times greater than in HCL. Addi-
tionally, it should be noted that at an excitation generator power of 3.6 W, the
mercury HFEDL operates in the E–discharge mode, but when transitioning to
the H–discharge, the intensity of the Hg 253.7 nm spectral line increases by ap-
proximately 7 to 10 times (see section 4.2.2).

During the experiments with mercury–containing HCL, it stopped working.
This indicates a short lamp lifetime.
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6. Atomic absorption spectroscopy for mercury concentration
measurements
This chapter gives insight into the practical use of atomic absorption spec-

trometer. An atomic absorption spectrometer with Zeeman background correc-
tion RA–915M was used to measure mercury concentration in environmental
samples.

By adding an attachment for pyrolitic combustion PIRO–915+, it is possible
to measure solid and liquid samples with the pyrolysis method [P1, P3, P4, K3,
K4, K6, K10, K11, K13, K15].

The spectrometer can also be equipped with attachment RP–92, which al-
lows measuring Hg concentration in liquid samples (mainly water), using the
cold–vapor atomization method [P10, K15].

6.1. Mercury concentration measurements in black stork eggshells
This study used eggshells, that were gathered by Dr. Biol. Māris Strazds,

during a period from 2003 to 2022.

6.1.1. Hg concentration in eggshells and membranes
A total of more than 350 black stork eggshell samples were analyzed from

139 nesting sites all over Latvia. After the separation of eggshells and inner mem-
branes, 358 eggshells, 361 membranes, and 179 mixed samples were obtained.
Sample gathering sites are shown on the map in figure 6.1.

Figure 6.1: Sample gathering sites for black stork eggshells and their membranes [60]. If several
samples were obtained from one nesting site, eggshells are marked as the primary sample type.

The measured mercury concentration in eggshells was from 3 to 52 ng/g,
with an average value of 16 ng/g. In membranes, the average concentration was
significantly higher – 202 ng/g, but most of the values were in the range of 43
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– 815 ng/g. Selected membrane samples returned concentrations higher than
1000 ng/g [P3]. These high values are most likely explainable by egg yolk re-
maining stuck to the membranes, as the yolk contains even more mercury [53,54,
56]. Results and their distribution are shown in figure 6.2. Hg concentration in all
analyzed samples was equal to or above the method’s detection limit of 0.5 ng/g.

Figure 6.2: Average Hg concentration
in eggshell samples – eggshells, mem-
branes, and mixed samples [P1].

Mercury concentration is linked to the availability of mercury in the local
environment within the foraging area of birds, and higher concentrations could
indicate a local source of mercury or environmental contamination. However, it
should be noted that black storks can travel up to 40 km from their nesting site in
search of food [60].

Significant differences are observed between different parts of the egg, na-
mely the membrane and the yolk. When comparing data from over 300 pairs of
egg yolk and membrane samples, the average ratio of their mercury concentra-
tions was 1:11, ranging from 1:4 to 1:30. This average value is close to what
S. Peterson and colleagues found in their publication on mercury determination
in American avocet egg yolks, which was 1:13.2 [55].

There are several possible explanations for the difference in mercury con-
centrations between egg yolks and membranes. One of them is the difference in
chemical composition – egg yolks are more inorganic, while membranes are or-
ganic [61], and methylmercury, the primary form of mercury found in fish, tends
to accumulate more in membranes. Another hypothesis involves the physiologi-
cal formation of eggs – egg content first develops within the mother’s body, and
then the mineralization of the membrane occurs later [61]. Additionally, it is not
known where mercury is located in the mother’s body and how it is transferred to
the eggs [P4].

6.1.2. Correlation estimation
Black storks in Latvia are an endangered species, and because of that only

remains of hatched and failed eggs were collected. Available eggshells are dif-
ferent in size – from tiny scraps to almost whole eggshells, but sometimes there
are only pieces of membranes without shells.

Because of the limited selection of samples, to obtain more thorough infor-
mation, 320 sample pairs of eggshells and membranes were compared, to look
for a correlation between them (figure 6.3). Since the sample sizes are small and
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they do not follow a normal distribution, the mercury concentrations were natu-
ral log–transformed before conducting the statistical analysis. Data analysis was
performed using the R software (version 4.2.1).

For characterizing the data distribution, Spearman’s correlation analysis was
chosen. A statistically significant positive correlationwas obtained betweenmem-
brane (C(HgM)) and yolk (C(HgCh)) concentrations (ρ=0.59; p–value < 2.2e−16),
indicated by the correlation coefficient ρ exceeding 0.5. This implies that higher
Hg concentrations in membranes are associated with higher Hg concentrations in
egg yolks, and as shown in figure 6.3, the relationship is linear.

Figure 6.3: Relation between log–transformed Hg concentrations in eggshells (C(HgCh)) and
their membranes (C(HgM)). The correlation curve shows linear correlation, grey area indicates
a 95% confidence region [P1].

6.2. Hg concentration measurements in black stork feces
Feces are another way through which animals excrete pollutants from their

bodies. By observing the behavior of black storks in their nest and vicinity, it has
been discovered that adult birds cease constant vigilance over their chicks when
the latter reach approximately 2 to 3 weeks of age. After this period (which is
roughly at the beginning of June), adult birds no longer stay at the nest and only
return to feed the nestlings. Consequently, it is possible to distinguish between
the feces of adult birds (found near the nest in spring) and those of the chicks (col-
lected during summer, after adult birds no longer defecate near the nest) [K10].

In the scope of this study, mercury concentration data were obtained from
fecal samples collected from 2019 to 2022. In total, 201 samples were collected
from 99 nesting sites. The distribution of samples by years and depending on the
age of the birds – adults or chicks – is shown in table 6.1.

Figures 6.4 and 6.5 display graphs summarizing the mercury concentrations
in feces obtained from samples collected in the spring and summer of 2021. The
results are presented using unique nest identification numbers, which consist of
six digits. Each nest has its distinctive number, which, along with the location
name, date, and other archive information are used for sample identification.
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Table 6.1:
Number of fecal samples distributed by year of collection and age of birds.

Year of Nesting Total No Feces, Feces
collection sites of samples adult chick
2019 28 36 13 23
2020 31 41 22 19
2021 51 68 42 26
2022 42 56 30 26

Figure 6.4: Hg concentration in fecal samples gathered in the spring of 2021 [K6].The X–axis
shows identification numbers for nesting sites.

It can be observed that in the majority of samples, the Hg concentration
ranges from 20 to 180 ng/g, with an average value of 110 ng/g. In some individ-
ual samples, the concentration exceeds 350 ng/g. The dispersion of Hg concen-
trations at each nesting site ranges from 3 to 50%, with three exceptions where
it is higher than 50%. On average, the relative measurement error reaches 29%,
which can be explained by the type and quantity of samples and the presence of
vegetation residues in some samples, which can affect the final result. Within the

Figure 6.5: Hg concentration in fecal samples gathered in the summer of 2021 [K6]. The X–axis
shows identification numbers for nesting sites.

limits of possibilities, the fecal samples were homogenized, but there is a possi-
bility that Hgmay not have been distributed evenly in the sample. The differences
in Hg concentrations between nesting sites may indicate varying levels of Hg in
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the surrounding environment. However, to draw such conclusions, data on the
locations of nesting sites in regard to those of potential sources of mercury, river
basins, and other feeding areas are needed.

A similar distribution of Hg concentrations among different nesting sites
was also observed in samples from 2019, 2020, and 2022.

To examine trends in the average Hg concentrations in feces over several
years, the average values for each year’s summer and spring season samples were
calculated. Accordingly, the average concentrations of samples from the spring
and summer of 2019 to 2022 are shown in figure 6.6. A large concentration dis-
persion (the relative error is 50% – 80%) can be observed, which is related to the
previously described concentration differences between nesting sites. At the same
time, it is evident that the average Hg concentration fluctuates around 100 ng/g
over the four–year period.

Figure 6.6: Average Hg concentration in spring and summer samples for years 2019 – 2022 [K6].

In the summer or chick feces, this value is lower than in spring or adult bird
feces. This difference could be explained by the foraging locations and the age of
the birds, as young birds typically receive food from the immediate area around
the nest where their parents obtain it. Conversely, there is less information about
the feeding areas of adult birds, and some of the mercury found in their feces may
have come from a more polluted area, or it could be influenced by the mercury
reserves in their bodies accumulated over time.

6.3. Hg measurements in solid samples by ZAAS – summary
Analyzing the methodology for Hg measurement and the obtained results, it

can be concluded that the atomic absorption method coupled with Zeeman correc-
tion and sample atomization using pyrolysis is a convenient and relatively simple
method for determining Hg concentrations in solid samples. The advantages of
the method include the relatively simple preparation of samples, which reduces
the risk of sample contamination during preparation. Additionally, dry samples
are easier to store compared to solutions or frozen samples.

Challenges associated with the application of this method include the re-
quired quantity of the sample. Depending on the type and availability of samples
to be measured, it may be sufficient, but sometimes too small to obtain accu-
rate results. Problems can also arise if an organic sample generates smoke when
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burned, which can hinder concentration determination during measurements by
reducing the amount of light reaching the analyzer. Furthermore, if a sample gen-
erates residues when burned, these residues can deposit on the optical components
of the analyzer, such as cuvette windows, contaminating them and reducing light
transmission, thereby decreasing the sensitivity of the equipment. In such cases,
frequent equipment cleaning is necessary.

A brief summary of the results of the measurements included in this work,
including the type of samples, the number of samples, and the minimum, average,
and maximum concentrations, is provided in table 6.2. Two groups of samples
obtained from black storks were examined in this work – feathers, categorized
into three subgroups (feathers, membranes, and mixed samples), and feces, cat-
egorized into two subgroups (adult bird and chick feces). The total number of
analyzed samples exceeded 1000 units.

Table 6.2:
Brief summary of Hg concentrations in black stork samples.

Concentration, ng/g
Type of samples No of samples Average Max Min
Eggshells 358 16 105 3
Membranes 361 202 1880 9
Mixed samples 179 38 1411 7
Feces, adult 107 112 521 10
Feces, chick 94 110 366 8

The nearest legal norm in Latvia against which the obtained results can be
compared is from Cabinet Regulation No. 118 [62], which states that the allow-
able concentration in biota is 20 µg/kg. This norm is primarily intended for the
regulation of Hg concentrations in fish and is given in terms of wet weight. When
comparing the obtained Hg concentrations, it should be considered that they were
obtained in dry weight, so they would be lower in wet weight. The research found
in literature [63] states that the conversion coefficient is approximately 4 – 5,
meaning that the allowable norm in dry weight is around 80 – 100 µg/kg. By
evaluating the results, it can be concluded that the average Hg concentration in
eggshells is lower than the allowable norm, but in feces and membranes, it is at
or exceeds the allowable norm.

Comparing the obtainedHg concentration results with the information found
in the literature [27] regarding Hg concentration levels that can affect bird health
and viability, it can be observed that in the majority of samples, the determined
concentrations are low and do not pose a risk to the health and reproductive abil-
ity of black storks. However, in individual samples, measurement results reach
levels (500 ng/g and higher, depending on the study, bird species, and type of
sample examined) that could potentially affect the health and reproductive ability
of storks.
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6.4. Hg concentration measurements in water
The use of a Hg analyzer with Zeeman correction for measuring real natu-

ral water samples using the cold vapor method was evaluated in an international
interlaboratory study organized by BrookRand Labs.

In the study on methods for measuring mercury concentrations, a total of
53 laboratories from 15 countries participated, with 49 providing data on total
Hg concentration measurements and 36 on methylmercury concentration mea-
surements [50]. Each laboratory received nine water samples with unknown Hg
concentrations. After performing the measurements, the data were anonymously
submitted to the study organizers, alongwith details of the sample preparation and
measurement methods used. Since the actual concentrations in the samples were
unknown, the submitted data were used to calculate mean values, and statistical
data processing and analysis were conducted, as detailed in the study report [50].

The Hg concentration results obtained by me and my colleagues for each
individual sample, as well as obtained mean values in accordance with the sam-
pling location are shown in table 6.3. It can be observed that the results for all
three sampling locations are slightly elevated compared to the overall mean con-
centrations. At the same time, they are close to the overall result obtained in the
study, as indicated by the statistical indicators used in the study characterizing the
results from Heron Pond and Sunset Pond as good.

Table 6.3:
Hg concentrations obtained in laboratory according to their sampling site and comparison with
total average values, calculated from data provided by all participants of the study.

Sampling Heron Pond Sunset Pond Everett North
site CHg , ng/l CHg , ng/l CHg , ng/l

6,5 6,6 1,9
Results 6,1 7,6 2,4

8,1 6,4 0,8
Laboratory average 6,9 6,9 1,7

Total average 6,0 5,8 1,4

The Hg concentration values obtained in our laboratory for the Heron Pond
sampling location compared to the data submitted by all other laboratories partic-
ipating in the determination of total mercury concentrations are shown in Figure
6.7. The calculated mean Hg concentration of 6.0 ng/l is also marked on the
graph. Comparing the results obtained by the laboratory with the results of other
laboratories, it can be concluded that the chosen method and the mercury analyzer
are suitable for measuring low mercury concentrations in water. Since the cold
vapor method requires the use of chemicals and their solutions in sample prepara-
tion and measurement, attention must be paid to the purity of these substances in
relation to mercury. It is also necessary to ensure the cleanliness of the laboratory
vessels used in measurements.
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Figure 6.7: Hg concentration results for all participants for sampling site Heron Pond, the red
line indicates average value, but red ellipse encircles our results. Graph taken from study report
[50].
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7. Conclusions
1. The optimal power for operatingAsHFEDL is approximately 14W (≈ 20V)

because at this power, there is no or minimal self–absorption of spectral
lines. At higher power levels, self–absorption increases. The least self–
absorbed was 197.3 nm spectral line, while the highest self–absorption and
lowest intensity are observed for the 189.0 nm spectral line.

2. Using a 300 MHz frequency excitation generator results in higher inten-
sity spectral lines at lower power compared to using a 100 MHz frequency
generator.

3. Under certain conditions, arsenic–containing HFEDL transitions from sta-
ble mode to self–modulation mode. This transition typically occurs at an
average excitation generator voltage of 26 – 28 V but can start as early as
24 V or not occur until up to 30 V. It was observed that adding a getter
prevents the formation of self–modulation mode within the voltage range
of 21 – 29 V. The self–modulation period of As HFEDL depends on the
excitation generator power.

4. Long–term fluctuations inAsHFEDL spectral lines are small, ranging from
0.3% to 0.7% depending on the lamp and operating conditions.

5. The gas temperature of As HFEDL is approximately 1000 – 1100 K. The
obtained results are consistent with those obtained for HFEDLs of other
elements.

6. Hg capillary lamps can be operated in three different positions – horizon-
tally and vertically, with the reservoir up or down. The study results showed
that the most suitable operating mode for the capillary lamp is with the cap-
illary in a horizontal position. When evaluating the radiation stability for
all three capillary positions, it was concluded that the horizontal and ver-
tical with the reservoir down capillary positions provide the most stable
radiation, with fluctuations of approximately 2%.

7. Hg spherical lamps operate in both theE–discharge andH–dischargemodes,
with the transition from one discharge to the other occurring at around 15 V.
The optimal operating voltage for AAS is approximately 12 —13 V be-
cause at higher voltage values, spectral line self–absorption is observed.
After stabilization, the radiation fluctuations for the Hg 253.7 nm spectral
line in the spherical lamp reached 1.1%.

8. When comparing the spectra of As andHg–containingHFEDLswithHCLs,
HFEDLs provide significantly more intense radiation. The intensity of ar-
senic HFEDL spectral lines was up to 1000 times higher, while Hg HFEDL
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had at least 25 times higher intensity compared to the corresponding spec-
tral lines of HCL.

9. Zeeman AAS is a suitable method for determining Hg concentration in
bird eggshells, membranes, and fecal samples, allowing measurements at
around 5 ng/g. Using the pyrolysis method, sample preparation is minimal,
reducing the risk of contamination, and results are obtained quickly, within
a few minutes.

10. The concentration of mercury in eggshells is approximately 9 – 11 times
lower than in membranes. In eggshells where the membrane is intact, mer-
cury concentration is higher (average concentration 38 ng/g) than in those
where the membranes have been removed (average concentration 16 ng/g).
This should be taken into account when comparing data in publications on
Hg in eggshells. The average concentration in pure membranes is 202 ng/g.
There is a moderately strong positive correlation between Hg concentration
in eggshells and membranes.

11. Differences in Hg concentration were observed between adult bird feces
and chick feces. In chick feces, the average Hg concentration is lower
(94 ng/g) than in adult stork feces (107 ng/g).

12. The obtained Hg concentrations in black stork samples are close to the per-
missible biota limit set by the Cabinet of Ministers. However, most of the
samples did not reach concentrations described in the literature as causing
serious health issues.

13. By adding a cold vapor generation attachment to the ZAAS spectrometer,
it is possible to measure Hg in water with a detection limit of 0.5 ng/L. Wa-
ter sample measurements were included in the inter–laboratory study. The
obtained results are close to those reported by other laboratories, indicat-
ing that the method used is suitable for determining Hg concentrations in
natural waters.
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