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Anotacija

Promocijas darbs izstradats Latvijas Universitates Atomfizikas un Spektroskopijas
institiita(ASI), laika posma no 2004. [idz 2016. gadam.

Darbs sastav no ievada, 7 nodalam, literatiiras saraksta, 6 pielikumiem.

Darba forma: disertacija Fizikas nozar€, Teorétiskas fizikas apakSnozare

Darba zinatniskais vaditaji : Dr.fiz. Atis Skudra, vadosais pétnieks LU ASI; Dr.fiz. ,
Assoc.Prof. Gita Revalde, RTU

Promocijas darbs ir veltits zemtemperatiiras plazmas diagnostikas metodes attistiSanai,
augstfrekvences bezelektrodu lampam (ABL).

Saja darba tika izstradata jauna metode spektroskopisko attélu apstradei un realo
(patieso) spektralliniju kontiiru noteikSanai, risinot nekorekto apgriezto uzdevumu, kas
balstas uz Tihonova regularizacijas algoritmu.

Si darba ietvaros izstradata metode tika piclietota, lai pétitu eksperimentalas
dzivsudraba spektrallinijas, kas emittas no specialas formas mikro ABL, kas izgatavotas
LU ASI. Izmantotas metodes ticamiba tika parbaudita, risinot modelu piemérus un
salidzinot ar rezultatiem, kas iegliti ar matematiskas model&$anas palidzibu. Saja darba
regularizacijas parametrs tika aprékinats ar divam neatkarigam metodém.

Pirmo reizi Saja darba jauna diagnostikas metode tika testéta, aprékinot patiesas
profilu formas, izmantojot eksperimentali iegiitas Hg rezonanses 184.9nm (6'P1-6'Sy
pareja), 253.7 nm (6°P1-6'Sy pareja) linijas, Hg redzama tripleta linijam (7°S:-6%Pg 12
parejas ar vilpa garumiem 404,7 nm, 435.8 nm, 546.1 nm) magnétiskaja lauka un bez
magnétiska lauka.

Nekorekta apgriezta uzdevuma risinaSanas praktiskai realizacijai tika izveidota
programmatiira gadijjumiem, kad spektralas Iinijas tika meéritas ar Ze€mana spektrometru,
Fabri-Pero interferometru, Furjé spektrometru. SkaitloSanas programma nodroS$inata iespéja
izmantot dazadas aparatiiras funkcijas dazadiem spektrometriem, gan analitiskas izteiksmes
veida, ka ar1 eksperimentala datu masiva veida.

S1 darba ietvaros tika analizéta aparatiiras funkcijas ietekme uz spektralas linijas
formu un pusplatumu. Tika pieradits, ka aparatiiras funkcijas nenemSana véra
zemtemperatiiras plazmas gadijuma var ieviest lielu neprecizitati, nosakot profilu formu un

platumu un, sekojosi, ABL temperattru. Tika analiz&ta ar1 atkariba no bufergazes veida.
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ST darba rezultati tika nopublicéti 3 zinatniskas Zurnalos (SCOPUS), 8 konferenéu rakstu

krajumos (5- SCOPUS) un 8 tézes.



Abstract

This thesis is dedicated to the development of the diagnostic methods of the low
temperature plasma in case of high-frequency electrodeless discharge lamps (HFEDLS) by
means of the restoration of the real spectral line profiles from measured ones by means of ill
posed inverse task solution.

Within the framework of PhD thesis, the new method of the restoring the real profile
of the measured spectral lines based on Tikhonov regularizing algorithm was developed. the
elaborated method was applied for case of real Hg spectral line profiles, emitted from
special design microsize light sources, manufactured at LU IAPS. The reliability of the
solution method was verified by means of solution of the model tasks and comparison with
results obtained by means of a non-linear multi-parameter chi-square fit. The regularization
parameter was obtained by means of two independed methods in this thesis.

The new diagnostic method was tested using experimental spectral line shapes
without and with presence of magnetic field. The solutions for the profiles of the Hg
resonance 184.9nm(6'P; -6'S, transitions), 253.7 nm(6°P; -6'S, transitions) line profiles, Hg
visible triplet 7°S;-6%Pq 1 » transitions (with the wave lengths Hg 404,7 nm, 435.8 nm, 546.1
nm respectively) in magnetic field and without magnetic field were performed for the first
time.

Within the framework of this thesis the software was developed for practical
realization of the solution of ill posed inverse task in cases when real Hg spectral line
profiles were measured by mean of Zeeman spectrometer, Fabry-Perrot interferometer,
Fourier transform spectrometer. The program provides an opportunity to use different
instrumental function of different spectrometers and use instrumental functions as
analytical expressions as well as the experimental data array.

Within the framework of this work the influence of the instrumental function on the
form and FWHM of the lines profiles were analyzed. It was proved that the neglecting the
instrument function, in the case of low —pressure or cold plasma when instrument function
is on the same order that experimental profile, gives huge error for the FWHM estimation
and consequently for discharge temperature estimation. The dependence of the FWHM of

the type of buffer gas can be observed also.



The results of this work are presented in 3 scientific journals (all in Scopus), 8
Proceedings of International Conferences (5- Scopus) and 8 books of the abstracts. (The
names of the publications can be seen in sections IV-VI: “List of publication”, but the full

texts of publications and proceedings (Scopus) in “Appendix”.)
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Main legends

Text abbreviations

AAS- atomic absorption spectrometers

HFEDL - high-frequency electrodeless discharge lamps
FWHM - the full width at half maximum

SLE- system of the linear equation

Main legends (separation by section)

Literature review

Types of the spectral line profiles

Av - line width

A - line width in wavelength scale
v - frequency

vo— frequency at maximum

k(v)- function of the brightness

ko-value of the distribution function of brightness at maximum
- atomic mass

R- gas constant

T- absolute temperature of the emitting gas

Kol — optical density

I- optical path

S(xo I) — Ladenburg —Levi function

Ko- the absorption coefficient in the centre of the line of the Doppler profile
e - charge of an electron

Mo - mass of an electron

fix— strength of oscillator

n; — density
y — excitation coefficient

wand z;— life times of the energy levels Ny and N; between which the transition occurs and

radiation is emitted with frequency vy;



Ay -transition probability
gi un g - statistical weights

No- number of the particles in the volume unit

Spectral apparatus for registration of spectral line profiles

o —effective cross section

u- molecular weight

p- pressure

Na = 6,022 141 79(30)x10% mol ' (Avogadro's number)
o- free spectral range

t- distance between the mirrors of the interferometer ;
n- coefficient of the refraction of the environment

@- angle of falling rays

k- order of the interference;
A- wavelength of falling light
A(v)- Airy function
A — difference of the optical ways

r- effective refraction coefficient of the mirrors

H - intensity of magnetic field
L- difference between two optical path lengths (optical path difference)

I11-posed tasks

f (v) -measured (experimental) spectral line
y(v')- real line profile
A(v,v')- instrumental function

n - integer characterizing the homogeneity of the radiation source

P(v-w) - the line profile of radiation in a unity volume

M, [y, f] - smoothing functional (Tikhonov’s functional)
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o - error of experimental f(x) profile

& -error of kernel of instrumental function
~ ~112
HAy— fHF - discrepancy

Q- stabilizing functional

o- regularization parameter

Avp- FWHM of Doppler function
Av_ - FWHM of Lorentz function
Avinstr- FWHM of instrumental function

11



Aim of this work

The aim of this thesis is:
a) to develop the method of restoring the real form of the measured spectral
lines, by means of ill-posed inverse task solution, which allows making with
high accuracy the procedure of the instrumental function separating from the
data obtained in the experiment;
b) to develop the software for practical realization of this method;
c) to test the method on spectral line shapes emitted from low-temperature high-
frequency electrodeless lamps
It gives possibility to restore the real profiles of the spectral lines measured by means
of Zeeman spectrometer, Fabry-Perot interferometer, Fourier transform spectrometer, using
expressions of its instrumental function, as well as, in case when instrumental function is

given as data array.

Tasks of this work

The tasks of this thesis are:

1. to develop the method of the restoring the real profile of the measured
spectral lines based on Tikhonov regularizing algorithm;

2. to estimate the limits of credibility of the proposed model by means of model
tasks solution;

3. to define the best approximation of the instrumental function of the Fourier

transform spectrometer;

4. to develop the software for practical realization of this method for cases:

a) the spectral lines measured by means of Zeeman spectrometer (instrumental

function is approximated by Gauss or Lorentz or Voigt function);

b) the spectral lines measured by means of Fabry-Perot interferometer

(instrumental function is expressed by the Airy function);

12



c) the spectral lines measured by means of Fourier transform spectrometer (as
instrumental function use defined in the task Nr.3 approximation);

d) the instrumental function is given as experimental data array

5. to validate the proposed method for the restoring the real line profiles from
measured profiles, emitted from low temperature plasma sources and measured
by different spectrometers:

a) Hg resonance 184.9nm line profile, 6'P; -6'Sy transitions

b) Hg resonance 253.7 nm line profile, 6P, -6'Sy transitions

c) Hg visible triplet 7°S;-6%Pg 1 » transitions (with the wave lengths Hg 404,7 nm,
435.8 nm, 546.1 nm respectively) in magnetic field

d) Hg visible triple 73S:-6%Py 1 » transitions (with the wave lengths Hg 404,7 nm,
435.8 nm, 546.1 nm respectively) without magnetic field.

13



Preface

Assumed that low-temperature plasma is ionized gas with the mean energy(temperature)
less then hydrogen ionization potential (13,53eV).The low-temperature plasma is viewed in
case of high-frequency electrodeless lamp in this work.

Electrodeless discharge lamps are known as bright radiators of narrow and intensive
spectral lines, covering the spectrum from vacuum-ultraviolet to infrared. The high-
frequency electrodeless discharge lamps (HFEDLS) are widely used in different scientific
devices such as radiation and absorption spectrometers, spectrometers for angle and glass
refractive index measurements, and frequency standards, magnetometers [1,2] Novel type
AA analysers are developed for detection of heavy metals, benzene, toluene and other
pollutants in air, water and food in real time[3]. High selectivity and very low limits of
detection depend on the quality of the emitted spectral line shapes.

For optimization and development of the HFEDLS it is necessary to make diagnostic.
The diagnostic technique allows determinate the best source filling and operation regimes

for each concrete application.

1. Actuality of this work

Line shape diagnostics is crucial in the cases when light sources with well-defined shapes of
the emission lines are necessary.

Spectral line shapes are known as important tools for emission plasma diagnostics in
different type of plasma since the form of the line is determined by the all plasma processes.
However many processes act on the same time and it is not easy to resolve partial effects on
the total line shape. In addition, the influence of the processes often correlates with each
other. Also we have to take into account that spectral line shapes need to be registered by
spectral apparatus which also has influence on the resulting line shape. Reconstructing the
real line shape from the measured one is so called inverse ill-posed task since small
uncertainties in the measurement give large deviations in solution. Since it is complicated
task, sometimes the instrumental function is neglected. It can be done if the width of the
instrumental function is much smaller than the real spectral line shape what in general is

true in high temperatures and dense plasmas. However in the case of low —pressure or cold
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plasma the instrumental function is on the same order that experimental profile and it has to
be taken into account. As well known [4] the measured profile is the convolution of the real
spectral line and instrumental function. The instrumental function can destroy the real
spectral line shape significantly, for example, it changes the width of the spectral line that
leads to the uncertainties in the determination of such important plasma parameters like
temperature. The instrumental function can cover detailed structure of the spectral line, like
the dip in the line centre caused by the self-absorption (self-reversal) and characterizing the
radiation trapping. The Tikhonov’s regularization algorithm is one of the most useful tools
for solving the ill-posed inverse task. By minimizing the Tikhonov functional, we obtain
correct inverse task instead of the incorrect, for the further solution by means of the
classical methods.

Therefore, the Doctoral thesis is dedicated to develop the diagnostic technique of the
low-temperature plasma that was tested and used for optimisation needs for special type of
low pressure lamps HFEDLS for their application in atomic absorption spectrometers
(AAS).

Diagnostic technique includes:

1. spectral line intensity measurements by means of :
e Fabry-Perot interferometer,
e Zeeman spectrometer,
e Fourier transform spectrometer ;
2. subsequent model tasks ;
3. spectral line profile studies by means of solution of the ill-posed
inverse tasks for real spectral lines shapes obtaining, using

Tikhonov regularization.

2. Scientific novelty of this work

First time, in this thesis:
o The method is created for the solving of ill posed task for the spectral

line shape deconvolution based on the Tikhonov algorithm, that was tested

15



and applied for case of real Hg spectral line profiles, emitted from special

design microsize low-temperature plasma sources™ :

v Hg resonance 184.9nm line profile, 6'P; -6'S transitions
v Hg resonance 253.7 nm line profile, 6°P; -6'S, transitions
v Hg visible triple 7°S,-6°Pg1, transitions (with the wave lengths Hg

404,7 nm, 435.8 nm, 546.1 nm respectively) in magnetic field

v Hg visible triple 7°S;-6%Py1, transitions (with the wave lengths Hg
404,7 nm, 435.8 nm, 546.1 nm respectively) without magnetic field.

e The software was developed for practical realization of the new method
based on the Tikhonov algorithm in cases when Hg spectral line profiles were
measured by means of:

v Zeeman spectrometer (instrumental function is approximated Gauss
or Lorentz or Voigt function)

v Fabry-Perot interferometer (instrumental function is expressed by the
Airy function)

v Fourier transform spectrometer (defined approximation of the
instrumental function(see task Nr.2))

v the instrumental function is given as data array

“Microsize light sources manufactured at LU IAPS (Institute of Atomic Physics

and Spectroscopy at University of Latvia )

16



I. Literature review

1.Broadening and types of the spectral line profiles.

The line profile is the distribution of the spectral intensity within the spectral line. The
maximum value of the line profile function is the peak intensity, and the broadening of the
line profile is usually [5] represented by the width measured at half of the maximum of
intensity. This line width, Av, is also called - the full width at half maximum (FWHM).
Sometimes in the literature also half of the width at the half of maximum (HWHM) is used.

In low-temperature plasma the major causes of the line broadening effects are the
Doppler effect due to the heat motion of plasma particles, the natural and the collisional

broadening and self-absorption.

1.1. Doppler profile

The broadening which originates from the heat motion of emitting atoms is called by
Doppler broadening and can be described by means of the Doppler profile.
Distribution function of the brightness k(v) of it is described by the following

equation, called Gauss function:

k(v) =k, o) (1.1)

where ko-value of the distribution function of brightness at maximum, vy — frequency at

maximum and

p=-t (1.2)

17



where p- atomic mass; R- gas constant, T- absolute temperature of the emitting gas
The motion of atoms in accordance to the Maxwell law is isotropic in the space and thus the

FWHM (Av,) corresponding to the Doppler effect is [6]:

Avg =2 [IN2_2v [22RT AvD=7.16><10’7v0\/f. (13)
c\Vp ¢ 7 yz

where p- atomic mass; R- gas constant, T- absolute temperature of the emitting atoms, ¢ —

speed of light.

Or in wavelength scale:

A, =2 [2IN2RT AAD:7.16><10720\/f. (14)
C y7; H

Taking into account equation (1.3) the absolute temperature of the emitting gas atoms can
be expressed in the following form[6,7]

T= £ A, (1.5)
(7.16x107v,)

Taking into account (1.3) instead of expression (1.1) the distribution function of the
brightness of Doppler profile (Fig.l.1) can be described by following equation:

k (V) _ koe—4|n2(v—vo/AvD)2 . (|6)
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Fig. 1.1. Doppler profile (expression 1.6)

In the case of Doppler profile the self-absorption can be taken into account by the

following expression, containing the Ladenburg-Levi function [6]:

1| x
A, =5 /E-AVD-KOI-S(KOI)

where
Kol — optical density;
I- optical way;

S(xo 1) — Ladenburg —Levi function :

1 7 e il (Kl)2
S(x,l) = —— (1—e"0'e )d Sy P LI G oV
(i) \/choli P TN BTN

Ko- the absorption coefficient in the centre of the line of the Doppler profile:

. [lnz'zzez- fu
° T me Av,

(1.7)

(1.8)

(1.9)

where e and mq are charge and mass of an electron respectively, fi- oscillator strength, n;-

particle density, ¢ — speed of light.
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1.2 Lorentz profile.

Two main effects of the spectral line broadening can be described by means of Lorentz

profile. These are: natural broadening and collisional broadening[6].

1.04
0.3+
a)
0.6 ; f
0.2 | i
z 1 :
~ 044 1
© «—> |
014 0.2 y : :
AVL E :I
004 e | |
] |
00— , , , , , 2 oo ! 2
0 2 4 6 8 10 ] 1
v ' \% !
Fig.1.2 Lorentz profile Fig.1.3 a)Doppler profile b)Lorentz profile; Avp= Av, =Av

Distribution function of the brightness k(v) of it is described by the following

equation:

V)= (r/2) 1.10
k(v)=k 47[2(v—v0)2+(7//2)2’ (110)

where y —extinction coefficient.

Corresponding to the natural broadening, the extinction coefficient is:

1 1
y=Voth=—+=, (1.11)

o T

where: zxand z;— life times of the energy levels Ny and N; (Fig.l.4) between which the

transition occurs and radiation is emitted with frequency vyi.

20
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Fig. 1.4 Energy levels scheme.

For given spectral line 1x and t; are constants. Their connection with the transition

probability Ay is given by following expression:

1
— =7 =2Aar (|12)
Ty i
and with strength of oscillator fi by:
1 g, 87%e’v:
— =y k f 1.13
Tk Z gk mocs ik ( )

where g; un g are the statistical weights; e and mg —electron charge and mass accordingly.

The FWHM corresponding to the natural broadening is:

Av, =Tt (1.14)
2r
Or in wavelength scale:
iz
AL =—-. 1.15
L= (1.15)

In case of collisional broadening according to the kinetic theory of gases, the average

time between two collisions is:

21



1

L N, R (1.16)
T

collissional. ,Ll
where No- number of the particles in the volume unit; o’ —effective cross section; -
molecular weight.

Therefore the FWHM corresponding to the collisional broadening can be expressed

by following equation:

Av, =4o?N, [T (1.17)
7o
This broadening is also called pressure broadening, because its magnitude depends on

the number of collisions, and therefore, on the pressure.

Av, = (1.18)

where p- pressure, Na = 6,022 141 79(30)x10% mol ' (Avogadro's number).

Or in wavelength scale:

2 2 2
Ay, =20 NP 6 s TP 42 (1.19)

C/muRT \/,u_T

The self absorption in case of Lorentz profile can be taken into account using

following equation, containing the Ladenburg-Reihe function [6]:

A :%-AVL-KOI-S'(KOI) (1.20)

where
Kol — optical density;

I- optical way;

22



S’ (ko 1) — Ladenburg —Reihe function :

e[ I, (ix)—il, (ix) ],
S(h)= k) , (1.21)
=T

where o (ix)and I4 (ix)-Bessel functions of zero and first order:

s

Io(ix)=2i- I e Vdy;

f” | (1.22)
1, (ix) = ?-_”cos ye Yy .
Ko- the absorption coefficient in the centre of the line of the Lorentz profile:
ﬁzﬁggin | (1.23)

where e and mq are charge and mass of an electron respectively, f,- oscillator strength, n;-

particle density, ¢ — speed of light.

1.3. Voigt profile.

In case when the spectral line profile broadening originates due to the Doppler effect and
collisional broadening together, the shape of the spectral line can be described by the Voigt
profile[8,9,10].
This profile is the convolution of the Doppler and Lorentz profiles.

Distribution function of the brightness k(v) of it is described by the following

equation:
,yz
_e’dy (1.24)

where

23



ZM(V—VO)

Av
a=—L+In2; (1.26)
Avy

y- constant of integration

The shape of Voigt profile depends on a, on ratio of the widths of the Lorentz and

Doppler profiles.

1.0
0.8 1

0.6 1

k(v)

0.4 1

0.2 1

0.0 1

Fig.1.5 a)Doppler profile (blue line); b)Lorentz profile(red line);c) Voigt profile (green line); Avp=Av, =1
(Avp=0,85; Av_=1 - simulation in Origin)

The self absorption in case of Voigt profile can be taken into account using following
equation

e
%—m'm ; (1.27)

where: e and mg are charge and mass of an electron respectively, fi- oscillator strength, |-

optical way, n;-particle density, y, extinction coefficient.
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2. Spectral apparatus for registration of spectral line profiles.

2.1.High-resolution scanning Fabry-Perot interferometer

The standard way to measure line profiles is by means of a high-resolution scanning Fabry—
Perot interferometer [11].
The experimental set-up is shown in Fig.l.6.

Vacuum
Amplifier Lens 2 phamber Lens1
o Fabry — Perot Lamp
Computer Photomultlpller/ /interferometer /_
/ / 7
/ & '/ T

£ A, lz X

43 |_ Vacuum

Capillary pump

Monochromator

Fig.1.6. High-resolution scanning Fabry-Perot interferometer

The working principles of the interferometer are following: the radiation from the Hg
light source, which is placed in focus of lens 1 (Fig.l1.6), as parallel sheaf falls on Fabry -
Perot interferometer. Interferometer is placed in a vacuum chamber. The air to the chamber
is given gradually through the capillaries. Lens 2 focuses the picture of the interference on
the circular diaphragm, which is placed in the place of the entrances gap of the
monochromator. Light stream changes are registered with the photomultiplier and the
results are saved in the computer.

The Fabry — Perot interferometer is characterized with a free spectral range. It is an

interval of the frequencies, which corresponds to the distance between two next peaks:
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1,
=—(cm 1.28
o =o-(em?) (1.28)
The condition of an appearance of the maximums of the interference is following:

2tncosp =kA (1.29)
where:

t- distance between the mirrors of the interferometer ;
n- coefficient of the refraction of the environment

o- angle of falling rays

k- order of the interference;

A- wavelength of falling light.

2.1.1 Instrumental function for the Fabry - Perot interferometer

The instrumental function of the Fabry - Perot interferometer is described by the Airy
function [12]:

AV)=Aw———5 (1.30)
1+1

where:

A — difference of the optical ways

r- an effective refraction coefficient of the mirrors.

2.2. Zeeman spectrometer

The type of spectrometer based on application of the Zeeman effect, so-called Zeeman
spectrometer, offers and advantages of a simple experimental set-up [13,14]
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The experimental set-up of the Zeeman spectrometer is shown in Fig.1.7.

(4)Elektromagnet

(1)Lamp
ﬁ (3)HG vapor cell

S A[,
(5)Photo- (8)Registration
—> o multiplier
2) Polarizers
(6)System
for (7)Holl
magnetic detector
field

scannina

Fig.1.7. Experimental set-up of Zeeman spectrometer

The working principles of spectrometer are following: radiation from the Hg light
source (1) passes through a polarizer (2), where it has been separated into o+ and o-
components. After that, in order to use the Zeeman scanning for the analysis of emission
lines, one component has to traverse the same metal vapour cell(3). The mercury absorption
line is separated due longitudinal Zeeman effect in the magnetic field of the electromagnet(4).

The separation is proportional to intensity of magnetic field:

av=—2_%H. (1.31)
4zcm
Or, in wavelength scale:
A=t (szzﬁ | (1.32)
4zc?\m

By scanning of the magnetic field intensity using block (6), the distance between the
separated lines is changing as shown in formula (1.32). When absorption line of Hg cell
coincidences with the radiation line, emitted from the lamp, the level of lighting of
photodetector (5) gets low. It allows registering the spectra of investigated lamp. The Holl

detector (7) is applied for the scale obtaining.
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The advantage of Zeeman spectrometer in comparison with commonly used Fabry-
Perot interferometer is quite narrow instrumental function. Due to it, this type of

spectrometers has been used to study absorption line profiles.

2.2.1 Instrumental function for the Zeeman spectrometer

For the Zeeman spectrometer, the instrumental function is the absorption spectral line
profile, determined by the Doppler broadening for vapour temperature in the absorption cell
and collisional broadening described by a Lorentz function. Therefore the approximation by
Gauss, Lorentz and Voigt functions were used in this work(see in chapter I).

2.3 Fourier transform spectrometer

A Fourier transform spectrometer is basically a Michelson interferometer [15, 16]

The beamsplitter(1) divides an incoming light beam(2) in two parts. The first part is
reflected on a fixed mirror(3) whereas the second part is reflected on a mobile mirror(4).
The two beams are recombined at the beamsplitter and shone on a detector(5). The principal
scheme is shown below (Fig.1.8). The detector registers the interferogram- the intensity of
exiting light beam dependence on optical path difference. The interferogram contains
complete information of the spectral composition of the incoming light beam. Signal of the

sum of cosine waves is expressed by following equation:

1(x)= [ B(v)cos@ma)dv, (1.33)

where: I1(x)- intensity of light, x- shift of mobile mirror(4) in cm, B(v) - intensity of source

as function of wave number v in cm™.
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Then Fourier-transform converts the interferogram (1.33) into the spectrum:

B(v)= [ 1(x)cos@exv)dx, (1.34)

TOLIE NUORY

Interferogram

Spectral profile
5. Detector o| 6 »

Fig.1.8: Scheme of Fourier transform spectrometer as a Michelson interferometer.

Fourier transforms are inverse integral conversions: the spectrum- is the Fourier

image of the interferogram on cosines, and the interferogram - is the Fourier image of

spectrum on cosines.

2.3.1. Instrumental function for Fourier transform spectrometer

Usually, as instrumental function for Fourier transform spectrometer use experimentally

measured He spectral line of 632.8 nm wavelength emitted from the single mode He/Ne

laser.
The function, which is known as sinc(x) function can be used too. [12]:

| (x)=2Lmod{sinc[2m(x, —X)L]} , (1.35)

where L- difference between two optical path lengths (optical path difference).
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3. High-frequency electrodeless discharge lamps (HF EDLs)

Because of high intensity, the HFEDLSs are exploited as intensive emission spectra sources
in scientific experiments, such as double-resonance experiments, sensitized fluorescence
experiments, shifts and broadening of spectral lines. A discharge in the lamp is excited by
means of electrodes, which are located outside the lamp. The electrodeless lamps, in
principle, can be excited by four discharge mechanisms i.e. inductive or H-discharges [17],
capacitive or E-discharges [18,2], microwave discharges and travelling wave discharges
(e.g. SWDs)[19].

In this thesis will be observed HFEDLs excited by two of them: H and E-discharges.
HF electrodeless discharge excitation by means of H and E-discharges was realized in the
1930. The excitation mechanisms of both discharge types are different. The E-discharge is
excited by the scalar electric field (the force lines of the electrical field are not closed) and
the H-discharge by the induced electric field associated
with the HF magnetic field (this field has circular force lines). The E-discharge is
characterized by easier excitation over a wider range of power and pressure than the H-

discharge.

3.1. HF EDLs working principle

The schematic diagram of a HFEDL is shown in Fig. 1.9 [20,21].

The HFEDL vessel is made of glass or quartz and filled with a |

working element and a buffer gas (usually a noble gas with

o w2 SR

approximately 2Torr ). The lamp contains a bulb (1) and a short

side arm containing the working element (2). The lamp bulb is
located in a HF generator(approximately 100MHz) coil (3) to

induce an inductively coupled electrodeless discharge. The side

arm can be thermostatted (4) to control the pressure of the metal

. .
. L]
AT S PPATTER " = TR

Fig. 1.9 Schematic diagram of a
30 HFEDL.



vapour in the lamp. The lamp is thermally insulated with glass or ceramic to maintain a
higher temperature around the lamp vessel (5).

The radiation from the lamp is transmitted through a window (6).

The lamps can be manufactured in different forms to suit specific applications. In
Fig.1.10 spherical, cylindrical, dumbbell and capillary electrodeless lamp examples are

shown[22]. Dumbbell form like lamp consists of three parts: (i) spherical; (ii) capillary; (iii)

\ ;
-,

. Py

/ 2

cylindrical.

Fig. 1.10 Some possible forms of HFELSs: a) spherical; b) cylindrical; c) dumbbell; d) capillary.
Dumbbell like form lamp consists of three parts: 1) spherical; 2) capillary; 3) cylindrical.

The dumbbell form like (Fig. 1.10(c)) and capillary(Fig. 1.10(d)) lamps were
investigated in this work. The radius of spherical part of dumbbell like lamp(Fig. 1.10(c))
is 10mm, and radius of capillary part is 2mm.The length of the capillary of lamp (1.10(d)) is

of 2 cm and the discharge size was of 500um in radius.

31



3.2. Mercury HFEDLSs

Hg HFEDLSs have found successful application in food and environment analysis, surgery
UV- illumination, optical magnitometry, isotope separation etc. This thesis is connected
with investigation of the HFEDLSs filled with mercury, both, with natural mixture and
separate isotopes

Natural mercury contains 7 stable isotopes (196,198,199,200,201,202,204) and it
causes quite complicated spectral line structure. For example, widely used line of 253.7nm
(level structure see in Appendix 6) wavelength has 5 summary components of similar
intensity due to isotope and hyperfine-structure shifts. Zeeman spectrogram of natural
mercury resonance line is shown in Fig.1.11 [Pr.3]

—=—real from solving the ill-posed, nverse task
—+—egxpernmental, 0.1mA
L4 4 200
201,198
o - f‘ I
. 202
s ol A
— 06— § | ﬁ|
e w2 lJ f| ‘”11 4
= 2 !.\ 1l ! |
g 1R v N ‘vf N
§ oed FiL t ] MY
b= O T { I 1
— l_lj .I,I "17 I| ' ! A‘i
A AR U 1oy
TR PR A
4353 Wi, ¥ )14
2 1 1o Y
v 201 R
T T T T v T l»“'\ﬁ- 4 1
) 6 0.3 12 14 6
Wavenumber, 1/cm

Fig.1.11 measured 253,7 nm line profiles emitted from HFEDL filled with natural mixture

Careful investigation of the spectral line profiles can give information about such
plasma parameters as temperature, concentration and distribution of the emitting and
absorbing atoms, optical density, collisional parameters.

Information about mercury 253.7 and 184.9 nm resonance lines is also important in
fluorescent lamp technology where mercury/argon discharge is used.

Data about 184.9 nm resonance line structure in dependence on the cold spot

temperature can be used not only for the lamp diagnostics but also for the validation of
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different type of calculations and models, considering radiation trapping [23,24]. The
radiation trapping effect plays an important role in light source devices using resonance

radiation and it is important for the calculation of radiation efficiency and luminous output.

4. Inverse ill-posed tasks

Inverse tasks [25,26,27] frequently encountered in various fields of science:
spectroscopy[28,29,30], computer tomography [31,32], image’s processing[33,34], signal’s
recovery[35,36], geophysics[37,38], astrophysics [39], plazma diagnostics[40]. These tasks
always are incorrect[41,42,43].The properties of the well posed problems [44,45]:

1. Existence of the solution.

2. Uniqueness of the solution.

3. Continuous dependence of the solution on the data.

The problem is ill posed, if, at least, one of properties is not satisfied. In case of
inverse tasks the third condition is wrong: small experimental uncertainties can cause large

deviations in the solution.

4.1. lll-posed tasks in the spectroscopy

The measured (experimental) spectral line f(v) is a convolution of the real line profile
y(v')of the emitted spectral line and instrumental function A(v,v') It can be described by

Fredholm integral equation of the first kind [3,46]:

iA(V,v')y(v')dv' =f(v), c<v<d, (1.36)

where: a, b and ¢, d the limits of the real and measured (experimental) profiles

accordingly. Usually they are chosen such, that a=c and b=d.

In general the problem (1.36) can be written as an operator equation:
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Ay=f (1.37)

which connects the function f €G,, in our case the measured spectral profile at frequencies
v with unknown function yeG, - in our case the real profile and A* — the continuous
operator, with domain of values - G, and definition domain - G,

Gland G, are some metric spaces. Formally, the solution of the equation (1.36) can be

written:

y=Af (1.38)

where A™ — the inverse operator .
But, according Hadamard [47], an inverse problem is well - posed, if the solution:

1) exists forany f €G,

2)isonlyonein Gy ;

3) continuously depends from f G, i.e. the solution must be stable against the
changes of the right side part.

For our case, the third condition is wrong, because small experimental uncertainties
can cause large deviations in the solution. Therefore Eq.1.38 is wrong in this case.

The task of obtaining of the real spectral line is called by reduction to the ideal device
or the classic Rayleigh reduction problem, in spectroscopy.

There are some special methods of the real line profile y(v') obtaining, because the

direct solution of Eq.1.36 is impossible.

5. Methods of the real shape of the spectral line obtaining

In general, for obtaining the real shape of the spectral line, two main direction of solution
exist: there are modelling [48] of the spectral line profiles and the real shape obtaining by
means of ill-posed inverse task solution.

The theories of the solution of the ill-posed problems are reviewed and compared in

the literature. For example: iterative methods of regularization have been discussed in
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[49,50, 51,52]. The quasi-solutions method by Ivanov [46, 52, 53], cross validation method
[54],

Fourier transform[55,56,57], as well Tikhonov regularization method[46,47,52,
53,57,58,59,60, 61,62, 63] and the methods where the statistical (or probabilistic) approach
is used- the statistical regularization methods in [52,57,46,64,65,66] .

Taking into account, realization time, stability and accuracy of solution, quantity of
addition information, we can see that the Tikhonov regularization algorithm is one of the
more effective methods of ill-posed inverse task solution. Using minimum of the a priori
information, we get stable, accurate solution of the inverse ill-posed task.

The calculation were performed using Tikhonov regularization algorithm and
compared with results obtained by means of a non-linear multi-parameter chi-square fit[48]
in this work.

The main ideas of these methods are written below.
5.1. Modeling of the spectral line profiles

The mathematical model is described in the paper [48] in detail. This model includes the
basic factors causing the spectral line broadening in a low-pressure discharge: natural,
Doppler, resonance and collisional. These effects are accounted by means of the Voigt
profile which is a convolution of the Doppler and Lorentz profiles. Normally, the Doppler

width Av, and Lorentz width, Av _are used as the parameters characterizing the Voigt

profile.
For a quantitative description of self-absorption, the approximations of the radiation
source are used: i) the approximation of a uniformly excited source; ii) source with spatially

separated emitting and absorbing atoms; iii) model suggested by Cowan and Dieke [67,68]:

L(v—vy)=1oP(v—vy)e i

, 1.39
2]+n (1.39)

where n is the integer characterizing the homogeneity of the radiation source and

35



P(v—vp)

TORE (1.40)

M=Kl

where P(v-v) is the line profile of radiation in a unity volume, kOI is the optical density at

the centre of the line.

The resulting profile is a convolution of the self-absorbed Voigt profile and the
instrumental function.

The real spectral line profiles, estimated using described above method, were used for
the comparison with the results obtained by means of Tikhonov regularization method.
Below are mentioned some advantages and disadvantages of the both methods.

The disadvantage of the line profile modelling method is that the functions of the line
profiles have to be known before and we can apply it manly for the symmetric lines. For the
using the Tikhonov’s regularization method, the only parameter what we have to know is
the instrumental function. The advantage of the modelling is that we can it apply also for
the fit of the width of the instrumental function if the type of the instrumental function is

known.

5.2. Tikhonov regularization method

Tikhonov’s regularization algorithm is one of the most useful tools for solving the task
where small experimental uncertainties can cause large deviations in the solution [63,
69,[P1]].

Tikhonov proved that an initial, ill-posed task(Eq.1.36) can be transformed to a task of

the minimum searching[70] of the smoothing functional:

Ma[y, f}:iyrgMa[y,fN], (1.41)

Assuming, that values of the right side and kernel of integral equation (1.36) are known with

accuracy:
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|F-f] <o
- (1.42)
|A-A<¢
where ¢ is error of right part of (1.36) or error of experimental f(v) profile , £ iserror of

kernel of (1.36) or error of instrumental function A(v,v').

Smoothing functional M, [y, ﬂ so called Tikhonov’s functional, is given in form:
~ ~ ~112
Ma[y,szuAy—fHF+aQ[y], (1.43)

- 112 .
where @ >0 -regularization’s parameter; number-HAy— fHF - discrepancy.

Stabilizing functional Q is described by following expression:

Qly]=|yl; (1.44)

As the result of minimization of functional(1.43) [71] in case when y eW, and fe L, and

taking into account norm definitions in these spaces:

(1.45)

If

instead of ill-posed first kind integral equation (1.36), we get the second kind integral

equation:

a(y, (O)-a," (O)+ [k(tv )y, (v)dv =F (1) telab], (1.46)

where:
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) (1.47)
F(t)= j A(v,t) f (v)dv
Changed integrals in (1.46) to finite sums we obtain the system of lineal equations:
N N - - N - - -
Zbi[zbmAnkAnijyi_i_ayk :meAnkfm’ k=LN (|-48)
i=1 m=1 m=1
or matrix equation
(AA+aE)Y =A'f (1.49)

where, tme 4ij — elements of N xN size matrix A, which approximates kernel K(x,x ); fi —
vectors— column with initial dates ; y; —vector — column of solution, b;.- the coefficients of

quadrature formula .

6. Methods of the parameter of regularization determination

Choosing of the regularization parameter o, which establishes the correspondence between
the requirement of the stability of solution and reliability of the solution, is the main
difficulty of the regularization methods applying in practice. The finding of the
regularisation parameter is crucial for all regularisation methods. The inaccurate
determination of the regularization parameter leads to major errors in the solution.

For it obtaining were developed some methods [57,72,73,74,75] There are
discrepancy, cross-validation, asymptotical, maximum of probability, modeling or model
tasks, selection etc methods. Some authors use the quasi optimally criterion[76] and
adaptive discretization method[77] also.

For obtaining the optimal regularization parameter two independent methods were
used in this work. There are: i) method of the discrepancy minimization [52,78] combined

with method of selection[46] and ii) method proposed by Kojdecky in work [79].
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6.1 Combination of the minimization of the discrepancy and selection methods

The regularization parameter o was determined using method of the minimization of the

discrepancy [52]:

|Ay, - T (1.50)

=min
a

Ay, - f

2 2
1
L L

where, according equation ( 1.43): measured (experimental) spectral line profile f () , real
line profile y(v'), instrumental function A(v,v') .

The main idea of this method is: the a is taken to satisfy to Eq.(1.50) . Where, L;—
space of square integrable functions. The norm definition in this space, we can see above, in
(1.45)

The initial value of a , for further solution, was chosen according the selection method
[46]. The main idea of this method is to find the value of y_ for reliable values of a. The final

choice is based on priory information about solution, basically visually.

6.2 Kojdecki method

The regularization parameter was obtained by another independed method for the reliability
of the results. This method is based on the knowledge of the errors of experimental data- o

and &- error of kernel of equation (1.36) accordingly.

According method proposed by Kojdecki [79], regularization parameter o is root of

equation:

a'| KAy, A= plIANE+a] v.]) (1.51)

or assumed matrix equation(1.49):

™|y, |=BIAI(S+&] v.]|) (1.52)
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In this work o was obtained from (1.52) in supposition, that error of kernel, in

cases when instrumental function was given by formula, is equal of zero, (£=0). The

coefficients were chosen as =0 and p=1.
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II. Work methods and results

Introduction

The investigation of the mercury electrodeless lamps of different form was performed in this
work. The lamps for the investigation were manufactured at the LU Institute of Atomic
Physics and Spectrsocopy. The investigation consists of : 1) model profile separating from
instrumental function by means of ill-posed tasks solution; 2)measurements, 3) measured
spectral line profiles form recovery by means of ill-posed inverse tasks solution; 4)following
analysis and comparison with results obtained by another independent method.

For practical realization of solution of ill-posed problem, for the real spectral line
profiles reconstruction the following software were developed.

The main program was written in MathCad13[80,81], [Appendix1]. The program
[82,83,84] [Appendix2] in Delphi 7 was developed for checking of the reliability of the
results, obtained by first program, also. The another numerical algorithms [85,86] were used
for regularization parameter obtaining. The numerical algorithm of conjugate gradient was
used in Math Cad and numerical algorithm of Brent and dichotomy method were used in
Delphi. Regularization parameter o is determined by using minimization of the discrepancy
(Eq. 1.50)(realization in MathCad) and method, when «. is root of equation 1.52 (realization in
MathCad; Delphi). All calculations in this work were performed for zero order of
regularization (g=0). The mathematical model is described in [parts: 4.1; 5.2; 6]

Both programs, for the real form of the spectral line profile obtaining, operating
principal is shown in the block scheme (B.s.1) which can be seen bellow.

The input of the data and it interpolation must be done on the first stage of the
numerical solution for both, the instrumental function and experimental data. As well, the
instrumental function can be set, as equation and as experimental data array.

After it, according to the mathematical model (Eq.1.36; Eq.1.41-Eq.1.49) instead of
initial ill posed problem we get the well posed task, which can be written as system of linear

equation(was used trapezium formula) and solved by Gauss method.
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On the next steps the value of the parameter of the regularization was obtained and used
for the finite solution getting. The results can be saved for future analyzing, as data array

or/and graph.

B.s.1. Block scheme of programs of ill-posed inverse task solution.

1. Data Input

o N

1.1. Instrumental function :
1.2. Experimental data

/ v

Experimental data
Formula

N

2. Interpolation

\ 4

3. Setting the step of the solution

A 4

4. The minimization of the functional —

the solution of the system of the linear
equation (SLE)

ve
5. The value of the regularization
parameter determination

A 4

7. Data output

\ 4
8. Save of the results
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The supporting programs for temperature and FWHM estimation (Delphi)[
Appendix3], self-absorption estimation (MathCAD) [ Appendix4] were developed also.

1. Model tasks [Pr.2] ,[Pr.7] ,[A.2], [A.3], [A8]
The reliability of the solution method using Tikhonov regularization algorithm was verified
by means of solving model tasks. The test was performed in three stages. First of all several
“real profiles” were generated using non-linear multi-parameter modeling with different
values of the variable parameters: Doppler broadening, Ap, Lorentz broadening, A, optical
density in the line centre, kol, homogeneity of the radiation source, n. Thus the “real
profiles” — the self-absorbed Voigt profile and Voigt profile without self absorption are
created. The values of the parameters were chosen so, that the 'experimental’ model profiles
were maximally close to real spectral profiles, emitted from microsizes light sources. The
“experimental profiles” are generated performing a convolution of these “real profiles” with
the instrumental function (Gauss or Airy function) with a given value of the full width at
half of maximum- FWHM (Ajnsr) . At the end the several sets of “experimental” errors with
different variances were generated and overlapped.

In the second stage, the real profiles deconvoluted from the instrumental function by
means of solution of ill-posed inverse problem, were obtained.

In the third stage, the deconvoluted real profiles were compared with the initial
“experimental profiles”. The influences to result were observed for:
1) different ratio of FWHM of 'instrumental function' and FWHM of ‘experimental’ model

profile

2) FWHM and kind of instrumental function,

3) values of the variance of the “experimental” errors,

4) method of estimation of the regularization parameter ,

5) numerical algorithm,

Below we can see the examples of the calculations. On the Fig.11.1- Figll.3 we can see

comparisons between "modeled -real” profile and "calculated- real" profiles with self
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absorption. "Modeled -real" profile was generated with following parameters: Doppler
width (FWHM), Avp=0.03cm™, and Lorentz width, Av,=0.01cm™, instrumental function,
Gauss profile, Avingy.=0.06cm™, optical density in the line centre, kol=4, homogeneity of the
radiation source, n=13. The “experimental” errors were: variancel=0.01(Fig.Il.1),

variance2=0.02,(Fig 11.2) variance3=0.05(Fig. 11.3) accordingly .

. —=— real_solution discr. min
error variance=0.01 —e— real_solution kojd
—a— exp_model
—— real_model

1.0 o

0.8 4

0.6 4

0.4 4

Intensity,rel.un.

0.2

0.0 4

-0.2 T T T T T T

Wavenumber, cm”™

Figure I1. 1. Comparison between ""Real modeled" profile: modeled by means of non-linear multi-
parameter modelling (green line) and ""Real solution® profiles: obtained by means of solution ill-posed
inverse problem(regularization parameter was obtained:1) from Eq.1.50(black line); 2) from Eq.1.52(red
line)). ""Experimental’* errors-variance 0.01.

— = — real_solution discr. min. method
—e — real_solution kojd. method
—4 — exp_model

—x— real_model

error variance 0.02

0.8 -

0.6

0.4 -

Intensity,rel.un.

|
%
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0
|

0.2 4

0.0
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Wavenumber, cm™

Figure I1. 2. Comparison between ""Real modeled" profile : modeled by means of non-linear multi-
parameter modeling(green line) and ""Real solution™ profile: obtained by means of solution ill-posed
inverse problem(regularization parameter was obtained:1) from Eq.1.50(black line); 2) from Eq.1.52(red
line)). ""Experimental* errors-variance 0.02.
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Two independent methods were used to obtain regularization parameter: 1 method-

discrepancy minimization method(Eq.1.50), 2 method- using equation (1.52) .

error

1.0 H
0.8
0.6

0.4

Intensity,rel.un.

0.2 o

0.0

— = — real_solution discr. min
variance=0.05 — e — real_solution kojd
—a — exp_model
—x*— real_model

0.2 0.4 0.6 0.8 1.0

-1
Wavenumber, cm

Figure 11.3. Comparison between ""Real modeled™ profile : modeled by means of non-linear multi-
parameter modeling(blue line) and **Real solution™ profile: obtained by means of solution ill-posed

inverse problem(regular

ization parameter was obtained:1) from Eq.1.50(black line); 2) from

Eq.1.52(red line)). ""Experimental’ errors-variance 0.05.

On the Figs. 1.4 - 11.7 we can see comparisons between "modeled -real" profile and

"calculated- real™ profiles without self absorption.
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—=— real-solution(discr.min.method)
—e— real-solution(kojd.method)
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error variance=0.01

Figure 11. 4 Comparison
parameter modeling(green
inverse problem(regula
Eqg.
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between ""Real modeled™ profile : modeled by means of non-linear multi-
line) and *'Real solution™ profile: obtained by means of solution ill-posed

rization parameter was obtained:1) from Eq.1.50(black line); 2) from

1.52(red line)). ""Experimental’ errors-variance 0.01.
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—=— real-solution(discr.min.method)
error variance=0.02 —e— real-solution(kojd.method)
—a— exp-model
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Figure 11.5. Comparison between ""Real modeled™ profile : modeled by means of non-linear
multi-parameter modeling(green line) and ""Real solution™ profile: obtained by means of
solution ill-posed inverse problem(regularization parameter was obtained:1) from
Eq.1.50(black line); 2) from Eq.1.52(red line)). "Experimental'* errors-variance 0.02.

"Modeled -real" profile was generated with following parameters: Doppler width
(FWHM), Avp=0.03cm™, and Lorentz width, Av,=0.01cm™, instrumental function, Gauss

profile, Aving.=0.06cm™, without self absorption.

—=— real-solution(discr.min.method)
error variance=0.05 —e— real-solution(kojd.method)
—a— exp-model
1.0 % ——<  real-model

0.8
0.6

0.4 -

Intensity,rel.un.

0.2

0.0

-1
Wavenumber,cm

Figure 11.6. Comparison between ""Real modeled™ profile : modeled by means of non-linear
multi-parameter modeling(green line) and ""Real solution™ profile: obtained by means of
solution ill-posed inverse problem(regularization parameter was obtained:1) from
Eq.1.50(black line); 2) from Eq.1.52(red line)). "'Experimental’ errors-variance 0.05.
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The “experimental” errors were: variancel=0.01(Fig I1.4), variance2=0.02(Fig ILS),

variance3=0.05(Fig 11.6), variance4=0.1 (Fig I1.7).

—=— real-solution(discr.min.method)
error variance=0.1 —e— real-solution(kojd.method)

—a— exp-model

—— real-model

1.0 4

0.8

0.6

0.4

Intensity,rel.un.

0.2

0.0

-0.2

Wavenumber,cm™

Figure 11.7. Comparison between ""Real modeled" profile : modeled by means of non-linear
multi-parameter modeling(green line) and ""Real solution™ profile: obtained by means of
solution ill-posed inverse problem(regularization parameter was obtained:1) from
Eq.1.50(black line); 2) from Eq.1.52(red line))." Experimental' errors-variance 0.1.

As we can see above (Figs. I1.1- 11.7), the values of FWHM of modeled "real" profile
and of calculated "real™ profile coincides quite well. This is true for profiles generated with
self absorption (Figs. I1.1- 11.3), as well for profiles generated without self absorption (Figs.
[1.4- 11.7). But the greater values of variance lead to larger solution instabilities on the wings
of profiles.

On the Fig.11.8 we can see comparison between comparisons between "modeled -real”
profile and "calculated- real" profiles also. In this case "modeled- real" profile was
generated with equal values of Doppler width (FWHM) and Lorentz width Avp==
Avi=0.03cm™ and without the “experimental errors" .The instrumental function, Gauss
profile, Avins.=0.06cm™. The density in the line centre, kol=4, homogeneity of the radiation

source, n=13. As we can see in case, when modeled profile was generated without
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"experimental™ errors, modeled

perfectly.

Intensity, rel.un.

"real” profile and

calculated "real” profile coincides

—un— exp-model
—e— real-model
—a4—real_solution

0.2 . ; . ;
0.0 0.2 0.4

T .
0.6 0.8 1.0

-1
Wavenumber, cm

Figure 11.8. Comparison between ""Real modeled" profile : modeled by means of non-linear multi-
parameter modeling(red line) and ""Real solution' profile: obtained by means of solution ill-posed
inverse problem(regularization parameter was obtained Eq.1.50(blue line).

On the Fig. 1.9 we can see we can see comparison between comparisons between

"modeled -real" profile and "calculated- real” profiles.

—u=—real_solution
—e— exp_model

104 i“vﬁ* real_model
hdl e
05 /7 \ / Y\\ Figure 11.9. Comparison
on = between ""Real modeled
c .// 11 \\. profile : modeled by means of
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S .// N \\. modeling(green line) and
B 044 iy \/ L) ""Real solution" profile:
£ S ENTERE obtained by means of solution
o P20 B B Y ill-posed inverse
’ S e problem(regularization
" o T H parameter was obtained
004 =TT U from Eq.1.50(black line).
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In this case the instrumental function, Gauss profile, Avinsr-=0.1cm™, which is
significantly more than in previous cases. The "modeled- real" profile was generated with
Doppler width (FWHM), Avp=0.03cm™, and Lorentz width, Av=0.01cm™ and without the
"experimental errors” .The density in the line centre, k,1=4, homogeneity of the radiation
source, n=13.

As we can see on Fig.11.9., such wide instrumental function leads to unstable solution
and to difference in values of self absorption in cases of modeled "real" profile and
calculated "real" profile.

"Real calculated” profiles on Figs. 11.8- 11.9 were obtained using discrepancy
minimization method(Eq.1.50) for regularization parameter determination. On Figs. Il.1-
I1.9 instrumental function was given as equation.

On the Fig. 11.10 the solutions were obtained using two different programs(written in

mathCad and Delphi) and different numerical algorithms were used.

real_solution discr. min. method
—— real_model
—— real_solution discr. min. method_ApF-data

104 —— real_solution(Delphi_Brent)

| error variance=0.02
0,8

0,6

0,4+

Intensity,rel.un.

0,2

0,0

-0,2 T T T T T T T T T T T
0,0 0,2 0,4 0,6 0,8 1,0

Wavenumber, cm”

Figure 11.10 Comparison between ""Real modeled™ profile : modeled by means of non-linear
multi-parameter modeling(red line) and ""Real solution™ profile: obtained by means of solution
ill-posed inverse problem(regularization parameter was obtained:1) from Eq.1.50(black line-
instrumental function analytical equation; blue line- data array-realization in MathCad); 2)
from Eq.1.52(green line)- realization in Delphi)."Experimental’ errors-variance 0.02.
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There are numerical algorithm of conjugate gradient (Math Cad; (Eq.1.50) for
regularization parameter determination) and numerical algorithm of Brent (Delphi;
(Eq.1.52) for regularization parameter determination). As well, the instrumental function
was given as experimental data array and as analytical expression.

On the Fig.Il.11 the solutions were obtained for “Experimental” profile, which was

generated with larger “Experimental error” value. The error variance is 0.05 in this case.

real_solution kojd. method
—— exp_model
— real_solution Kojd. method_ApF-data
—— real_model
—— real_solution(Delphi-Brent)
7 error variance=0.05 ‘

0,8

0,6

04

Intensity,rel.un.

0,2

0,04

-0,2 4

. T . T .
0,0 0,2 0,4 0,6 0,8 1,0

) Wavenumber., cm_'1 )
Figure 11.11 Comparison between ""Real modeled™ profile : modeled by means of non-linear

multi-parameter modeling(red line) and ""Real solution™ profile: obtained by means of solution
ill-posed inverse problem(regularization parameter was obtained:1) from Eq.1.52(black line-
instrumental function analytical equation; blue line- data array-realization in MathCad; pink
line - realization in Delphi)."Experimental™ errors-variance 0.05.

On the Figs. 11.12 - 11.15 we can see results obtained for cases when was used
absolutely different instrumental function- Airy function(Eq.1.30). The instrumental
function was given as data array , for regularization parameter determination Eq.1.50 was
used. The mirrors refraction coefficients are: 0.6, 0.7, 08 and 0.9 accordingly.
"Experimental” profile was generated without errors.

50



real solution_Apf-Airy function(m.r.c.0,6)
Experimental_Apf-Airy function(m.r.c.0,6)
—— modeled_real_Apf-Airy function(m.r.c.0,6)

1,0

0,8 1

error variance=0
0,6

0,4 4

Intensity,rel.un.

0,2

0,04

Wavenumber,cm”

Figure 11.12 Comparison between ""Real modeled™ profile : modeled by means of non-linear
multi-parameter modeling(blue line) and ""Real solution™ profile: obtained by means of
solution ill-posed inverse problem(regularization parameter was obtained from Eq.1.50(black
line ).Mirrors refraction coefficient is 60%. Instrumental function is Airy function.

As we can see (Fig.11.12) too wide instrumental function(mirrors refraction
coefficient is 60%) leads to the solution errors.

experimental_Apf-Airy function(m.r.c.0,7)
—— modelled real_Apf-Airy function(m.r.c.0,7
—— real solution_Apf-Airy function(m.r.c.0,7)

1,0 1

0,8 4

0,6
error variance=0

Intensity,rel.un.

0,4 4

0,2 4

0,0 4

0,0 0,2 0,4 0,6 0,8 1,0

Wavenumber,cm”

Figure 11.13. Comparison between ""Real modeled" profile : modeled by means of non-linear
multi-parameter modeling(red line) and *'Real solution* profile: obtained by means of solution
ill-posed inverse problem(regularization parameter was obtained from Eq.1.50(blue line ).
Mirrors refraction coefficient is 70%. Instrumental function is Airy function.
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experimental_Apf-Airy function(m.r.c.0,8)
—— modelled real_Apf-Airy function(m.r.c.0,8)
—— real solution_Apf-Airy function(m.r.c.0,8)

1,0
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Figure 11.14. Comparison between ""Real modeled™ profile : modeled by means of non-linear
multi-parameter modeling(red line) and "'Real solution™ profile: obtained by means of solution
ill-posed inverse problem(regularization parameter was obtained from Eq.1.50(blue line).
Mirrors refraction coefficient is 80%. Instrumental function is Airy function.

experimental_Apf-Airy function(m.r.c.0,9)
—— real modelled_Apf-Airy function(m.r.c.0,9)
—— real solution_Apf-Airy function(m.r.c.0,9)
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Figure 11.15. Comparison between ""Real modeled™ profile : modeled by means of non-linear
multi-parameter modeling(red line) and "'Real solution™ profile: obtained by means of solution
ill-posed inverse problem(regularization parameter was obtained from Eq.1.50(blue line ).
Mirrors refraction coefficient is 90%. Instrumental function is Airy function.
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1.1 Analysis and validation of the results of modeling

Below (Table 1) we can see correlation matrix (Spearman coefficient) [87], obtained in
IBM SPSS Statistics 22 for case when "modeled -real” profile was generated with following
parameters: Doppler width (FWHM), Avp=0.03cm™, and Lorentz width, Av,=0.01cm™,
instrumental function, Gauss profile, Avl.s.=0.06cm™, optical density in the line centre,
kol=4, homogeneity of the radiation source, n=13. The “experimental” errors were:
variance1=0.01, variance2=0.02, variance3=0.05. Two independed methods were used to

obtain the regularization parameter: 1 method-discrepancy minimization method (Eq.1.50),

2 method- using equation (Eq.1.52).

As we can see, significant correlations (probability that agreement between results is

randomness, p<0.001) between values, obtained by both method and between values of

each of methods and values of "real-modeled" profile were obtained.

Table 1. Correlation matrix (Spearman's rho) -modeled profiles with self-absorption

Spearman's tho variance0_01 | variance0_02 | variance0_0 real-modeled
_2met. _2met. 5 2met.
Correlation | gg5e 803 803" 714"
variance0_01 1met. C.O eﬁ'c'ef“
— = Sig. (2-tailed) | ,000 ,000 ,000 ,000
N 101 101 101 101
Correlation | Jgqe 996™ 631" 644"
variance0_02_ 1met. C.O e“'c'ef“
- Sig. (2-tailed) | ,000 ,000 ,000 ,000
N 101 101 101 101
Correlation | g5+ 679" 992” 660"
variance0_05 1met. C.O e“'c'ef“
— Sig. (2-tailed) | ,000 ,000 ,000 ,000
N 101 101 101 101
Correlation | 5w 661" 636 1,000
real-modeled C_oef‘flmept
Sig. (2-tailed) | ,000 ,000 ,000 .
N 101 101 101 101

**_Correlation is significant at the 0.01 level (2-tailed).
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In following case (Table 2) "modeled -real" profile was generated with following
parameters: Doppler width (FWHM), Avp=0.03cm™, and Lorentz width, Av,=0.01cm™,
instrumental function, Gauss profile, Aving.=0.06cm™, without self absorption. The
“experimental”  errors were: variancel=0.01, variance2=0.02, variance3=0.05,
variance4=0.1. Two independed methods were used to obtain the regularization parameter:
1 method-discrepancy minimization method (Eq.1.50), 2 method- using equation (Eg.1.52).

As we can see on Table2, significant correlations between values, obtained by both
method (p<0.001) and between values of each of methods and values of "real-modeled"
profile (p<=0.01) were obtained.

Table 2. Correlation matrix (Spearman's rho)- modeled profiles without self-absorption

Spearman's variance0_01 | variance0_02 | variance0_05 | variance0_1 real-
modele
rho _2met. _2met. _2met. _2met. d
Correlation - - - - -
variance0_01_ Coefficient 1999 44 551 297 A3
1met. Sig. (2-tailed) ,000 ,000 ,000 .003 ,000
N 101 101 101 101 101
Correlation . o o wx o
variance0_02_ Coefficient 570 981 74 281 417
1met. Sig. (2-tailed) ,000 ,000 ,000 .004 ,000
N 101 101 101 101 101
Correlation . sk o wx o
variance0_05_ Coefficient 533 520 992 356 437
1met. Sig. (2-tailed) ,000 ,000 ,000 ,000 ,000
N 101 101 101 101 101
Correlation sox - . wox .
variance0_1_ Coefficient ,342 281 398 991 272
1met. Sig. (2-tailed) ,000 ,004 ,000 .000 ,006
N 101 101 101 101 101
Correlation 427 393" 447" 254 1,000
real-modeled Coefficient
Sig. (2-tailed) ,000 ,000 ,000 010 .
N 101 101 101 101 101

**_Correlation is significant at the 0.01 level (2-tailed). *. Correlation is significant at the 0.05 level (2-tailed).

The solution of the model examples shows that this method can be used for real
profile restoring for further diagnostic of the HFEDL if the following conditions can be
performed is satisfied the following conditions:

. normal level of the noise. The variance of data must be less than 0.1;
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. the ratio between instrumental function and measured profile can be less or equal of

There are significant correlation between values, obtained by means of
method1(discrepancy minimization method(Eq.1.50)) and method 2 (Eq.l.52). As we can
see on Table 1(case with self- absorption), the correlation coefficients are: 0.993, 0.996,
0.992 in cases, when variances of modeled data are 0.01, 0.02, and 0.05 accordingly. We
can see the significant correlation between values, obtained by two independent methods in
case when modeled profile was without self-absorption too (Table 2). In this case the
correlation coefficients are 0.999, 0.981, 0.992, 0.991 in cases, when variances of modeled
data are 0.01, 0.02, 0.05, 0.1 accordingly.

As well significant correlation is observing between values of calculated "real”
profiles and modeled "real” profiles. In case of modeled profile with self-absorption, the
correlation coefficients are 0.714(method 1) and 0.702(method 2) for case when variance of
modeled data is 0.01; 0.644(method 1) and 0.661(method 2) in case when variance is 0.02;
0.660(method 1) and 0.636(method 2),variance of modeled data is 0.05. In case of modeled
profile without self-absorption, the correlation coefficients are 0.435(method 1) and
0.427(method 2) for case when variance of modeled data is 0.01; 0.417(method 1) and
0.393(method 2) in case when variance is 0.02; 0.437(method 1) and 0.447(method
2),variance of modeled data is 0.05; 0.272(method 1) and 0.254(method 2), variance of
modeled data is 0.1.

As we can see above, ,,calculated real” profiles coincide with ,,modelled real” profiles
quite well. Errors adding to the “experimental” profiles leads to the waves on the wings in
the solution, but the physical values, which are necessary for further calculations: FWHM
of profiles and dip of self-absorption coincide with “calculated- real” very well. This is true
for both cases, when the instrumental function was used as formula and as data array.

The value of FWHM (case without self-absorption, instrumental function-Gauss
function) is 0.07448+0.0036 (the confidences interval ,using Z criterion). The absolute
errors of FWHM in this cases are: 0.057% (error variance 0), 2.14%(error variance 0.02)

and 13.5% (error variance 0.05). The absolute error of mean value of FWHM is 6.4%.
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The absolute errors of the dips of self-absorption (instrumental function- Airy
function) are 14%, 0.53%, 0.43% and 1.53% when mirrors refraction coefficients are 60%,
70%, 80%, 90% accordingly.

The solution of the model examples by means of both programs shows good results.
Obtained results show little dependence from used numerical algorithm. As well, changing
the instrumental function doesn’t influence the program. It gives the correct results in cases,
when Gauss function was used as instrumental function as well as when Airy function was

used.

2. Deconvolution of the Hg profiles, measured by means of the Fabry-
Perot interferometer [P.2], [Pr.4] [A5]

Experiment

The dumbbell like HFEDL( Fig.1.10(c)), investigated in this case, was filled with mercury
of a high isotopic abundance (99.3% of 202 isotope) and argon as a buffer gas.

The lamp was placed into an induction coil (Fig.11.16) and an inductive coupled
discharge was excited by means of a high frequency electromagnetic field of about 100MHz
frequency. Spectral line profiles, emitted from the spherical part of HFEDL were collected
from it with two different argon pressures of 2 and 10 Torr, in dependence on the discharge
current (80-190 mA) at the mercury cold spot temperature value of 20 C, which corresponds
to the mercury vapour pressure of 0.0013Torr[Appendix 5]. Changing the generator
current, changes the discharge power. Line profiles were recorded by means of a high-
resolution scanning Fabry-Perot interferometer, using mirrors with a dielectric coating and a

0.4 cm spacer between them, giving the free
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Fig.11.16. The Hg HFEDL

spectral range of 1.25 cm™and effective refraction coefficient value of 0.8. All calculations
were made for the Hg 253.7 nm line (6° P, -6 S transition [Appendix 6]) using program
written in MathCAD [Appendix Nr1].

The procedure of the obtaining of the real spectral lines shapes

The measured profiles were processed in two stages, before temperature estimation. First of
all, the deconvolution procedure or solving of this ill-posed inverse problem (Eq.1.36) was
performed to obtain the real spectral line shape, by means of the Tikhonov’s regularization
method. After procedure of deconvolution the influence of the self-absorption was taken
into account (Eq. 1.7)

In Fig.11.17 we can see the influence of the instrumental function and self-absorption
to the FWHM of the measured spectral line profiles. In case of the 253,7 nm line, emitted
from the HFEDL with 10 Torr argon, the FWHM of the measured (experimental) spectral
lines were in the range of 0.15- 0.20 cm™, but real FWHM were obtained to be in the range
of 0.1 — 0.15 cm™ after deconvolution and in the range of 0,048 — 0,066 cm™ taking into

account absorption influence.
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B experimental
® real (reg. parameter estimated by Kojdecky method)
real (reg. parameter estimated by descrepancy min method)
v real (reg. parameter estimated by Kojdecky method)taking into account absorption influence
0.21 - real (reg. parameter estimated by descrepancy min method) taking into account absorption influence
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Fig..11.17 The FWHM of experimentally registered Hg 253.7nm line profile (black points) and the
FWHM of the results after deconvolution by means of ill-posed inverse task solution, using two ways to
determinate regularization parameter: by Koidecki method Eq.1.52 (red points) and using method of
discrepancy minimization Eq.1.50 (green points) in dependence on the generator current. The Ar
pressure is 10 Torr .

There is a clearly expressed maximum of the FWHM dependence from generator
current at 140mA.

The results of the dependences of the optical density as a function from the discharge
current for this lamp are shown in Fig.11.18 In this case the optical density is in range of
7.938-11.642 (regularization parameter was by (Eg.1.50)) and of 9,362-12.494
(regularization parameter was determined by (Eq.1.52)).
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= Reg. parameter is estimated by Kojdecki method
13-® Reg. parameter is estimated by method of discrepancy minimization
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Fig.11.18 The optical density dependence on the generator current. The Ar pressure is 10 Torr . The
optical density obtained for lines deconvoluted by means of ill-posed inverse task solution, using two
ways to determinate regularization parameter: by Koidecki method Eq.1.52 (black points) and using

method of discrepancy minimization Eq.1.50 (red points).

As we can see the results obtained used two methods to obtain the parameter of
regularization: minimization of discrepancy Eq.1.50 and by method where it is assumed, that
the regularization parameter is the root of the Eq.1.52, agree well.

Examples of the experimental dependence of the FWHM from the generator current
and the influence of the instrumental function and self-absorption to it in case of the 253,7

nm line emission from the HFEDL with 2 Torr argon are shown in Fig.11.19.
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m  experimental
® real (reg. param. is estimated by Kojdecki method)
real (reg. param. is estimated by min descrepancy method)
v real (reg. param. is estimated by Kojdecki method) taking into account absorption influence
real (reg. param. is estimated by min descrepancy method) taking into account absorption influence
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Fig.11.19 The FWHM of experimentally registered 253.7nm line profile (black points) and the full

width at half of maximum of the results after deconvolution by means of ill-posed inverse task solution,
using two ways to determinate regularization parameter: by Koidecki method Eq.1.52 (red and blue
points) and using method of discrepancy minimization Eq.1.50 (green and light blue points).

in dependence on the generator current. The Ar pressure is 2 Torr .

In case of argon pressure at 2 Torr the FWHM of the experimental as well as the
obtained real profiles are practically independent from the generator current. The estimated
FWHM of the real profiles in average is broader by argon pressure 2 Torr in Hg HFEDL:
about 0.14 cm™ and about 0.07 cm™ taking into account absorption.

The optical density is in range of 7.964-9.136 (regularization parameter was determined
by method of discrepancy minimization) and of 8,391-9.147 (regularization parameter was
determined by (Eq.1.52)) (Fig.11.20)
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= Reg. parameter is estimated by Kojdecki method
e Reg. parameter is estimated by method of discrepancy minimization

Optical density

T T T T T T T T T T T 1
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Fig.11.20. The dependence of the optical density from the generator current. The Ar pressure is 2 Torr .
The optical density obtained for lines deconvoluted by means of ill-posed inverse task solution, using
two ways to determinate regularization parameter: by Koidecki method Eq.1.52 (black points) and

using method of discrepancy minimization Eq.1.50 (red points).

The tendencies of clear maximum appearance in the dependence FWHM from
discharge current at the Ar pressure 10 Torr and independence from discharge current at 2
Torr agree well with the results obtained by Revalde et all [88] In that case the estimated
FWHM of Hg 253,7 nm spectral line was obtained by another method — the mathematical
modeling, described in [88,89].

Discharge temperature estimation

Temperatures of the radiating atoms, estimated from the Doppler broadening (Eqg.l.5) of the
deconvoluted real spectral lines profiles, taking into account influence of the absorption are
shown in Figs. 11.21-11.22.

In Fig.11.21 are shown the dependences of the temperatures from the discharge current
for case when Ar pressure was 10 Torr. Clear maximum of dependence can be seen by 140-
150 mA. The temperature varies from approximately 600-1700 K as a function of discharge

generator current.
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m  Arpressure 10T(reg. parameter estimated by Kojdecky method)

e Arpressure 10T(reg.
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Fig.11.21. The dependences of the temperatures from the discharge current for case when Ar

pressure was 10Torr.

The results of the dependences of the temperatures as a function from the discharge

current for the lamp with Ar pressure of 2 Torr are shown in Fig.11.22. The temperature of the
radiating atoms is in the range of 1400-1500 K.

= Ar pressure 2T(reg. parameter estimated by Kojdecky method)
e Ar pressure 2T(reg. parameter estimated by descrepancy min method)
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Fig 11.22. The dependences of the temperatures from the discharge current. for case when Ar pressure

was 2Torr.
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3. Deconvolution of the Hg profiles, measured by means of the

Zeeman spectrometer[Pr.3], [A4]

3.1. The Hg 253.7 nm spectral line profile deconvolution procedure
and discharge temperature estimation

Experimental

In this case microsize capillary HFEDLs were investigated (Fig.1.10(d)). The lamps were

filled with mercury of natural abundance or with pure isotope Hg **® or with pure isotope

Hg % and buffer gas argon of about 2 Torr pressure. Lamps were measured by means of a

Zeeman scanning spectrometer at the mercury cold spot temperature value at 20 C

(pHg=0.0013Torr).

HFEDL filled with natural Mercury mixture

In Fig.11.24 we can see measured and restored 253,7 nm line profiles emitted from

HFEDL filled with natural mixture of Hg isotopes. The lamp was operated with the HF

electromagnetic field of about 100 MHz frequency and the discharge current was of 0.1

mA.

Intensity, rel. un.

—=—real from solving the ill-posed, inverse task
—+—experimental, 0.1mA
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Fig. 11.24. The measured(blue line) and deconvoluted (green) line profiles emitted from HFEDL

filled with natural mixture of Hg
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As we can see, the total width of the 253,7 nm line profile, emitted from the natural
Hg lamp, is quite broad- the total width of such line is about 1.1-1.2 cm™. Thus it cannot be
used for ZAAS, because this method needs very narrow spectral line to reach high

sensitivity. Therefore we consider mercury lamp filled with only one isotope.

HFEDL filled with isotope Hg **®

On the Fig. 11.25. we can see measured line emitted from Hg HFEDL filled with pure

isotope Hg 1*8 (92.8%) and buffer gas argon of about 2 Torr pressure.

198 ’ﬂl%

198

200
200 ot
200 .
S

Fig. 11.25. The measdred line proflle emitted from HFEDL filled W|th pure |sbtope Hg 198 (92.8%) and
buffer gas argon of about 2 Torr pressure.

Results of the deconvolution of the right and left components are shown at Fig.

11.26(a) and Fig. 11.26(b) accordingly.

In this case parameter of regularization was determined by two ways:
minimization of discrepancy (Eg.1.50) and by method proposed by Kojdecki[79]
(Eq.1.52). The solution was implemented in MathCad (algorithm of conjugate gradient)
and in Delphi algorithm of Brent.
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—=— experimental (right component)
—e— real from solving the ill-posed inverse task (method 1)

real from solving the ill-posed inverse task (method 2, realization in MathCad)
—v—real from solving the ill-posed inverse task (method 2, realization in Delphi)

1.0 o a
R\
Y

0.8 1 3, lyﬁ%

o
D
1
...;g
gt

Intensity, rel.un
o ¢
S
" 1 "
e

M
0.2 = ﬂ
/] !
o .
Mﬁff& # ~
004 %
w
T T T T T T 1
-0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30

Wavenumber, cm'1

Fig. 11.26 (a). Right component: measured (black line) and deconvoluted line profiles (red, green,
blue lines) Regularization parameter was obtained 1)from Eq.1.50(realization of solution in
MathCad-red line);2) from Eq.1.52(realization in Delphi- blue line , in Math Cad- green)
HFEDL filled with pure isotope Hg % (92.8%) and buffer gas argon of about 2 Torr pressure.

— = — experimental (left component)
— e — real from solving the ill-posed inverse task (method 1)

real from solving the ill-posed inverse task (method 2, realization in MathCad)
—v—real from solving the ill-posed inverse task (method 2, realization in Delphi)
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Fig. 11.26 (b). Left component: measured (black line) and deconvoluted line profiles (red, green,

blue lines) Regularization parameter was obtained 1)from Eq.1.50(realization of solution in
MathCad-red line);2) from Eq.1.52(realization in Delphi- blue line , in Math Cad- green)
HFEDL filled with pure isotope Hg % (92.8%) and buffer gas argon of about 2 Torr pressure.

The parameters of regularization determined for both components are shown in
the table 3:
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Table 3. The parameters of regularization determined for both components, using two different

methods and two algorithms for numerical calculation. Accuracy E-7

Regularization parameter
Method/algorithm Right component Left component
Minimization of 1.664E-5 2.068E-5
discrepancy/ conjugate
gradient
By Kojdecki(MathCad)/ 3.745E-5 3.253E-5
conjugate gradient
By Kojdecki(Delphi)/ 2.61318652730945E-5 2.25700219881838E-5
algorithm of Brent

The waves observed in the left side wing of the obtained real spectral line profile in
Fig. 11.26 are due to the difficulty to stabilise the solution for the given level of errors of
experimental data. The experimental profiles, shown in Fig. 11.25, are very narrow, with
very sharp increase and decrease of signal and this gives quite high level of uncertainty of
numerical experimental. Nevertheless, from the obtained lines we can see that the
deconvoluted profiles have larger dip in the line centre than the experimental ones. In
general good agreement can be observed between the deconvoluted real spectral line
profiles using different methods of obtaining the regularisation parameter.

The centre of the spectral line profile is also the most interesting part for the
deconvoluted spectral line for AAA, because the dip in the line centre shows that the self-
absorption is present.

The mean value of Ina/lo is 1.31 (standard deviation is 0.079) for calculated profiles
instead of 1.04 (standard deviation is 0.002) in case of measured profile. The I, is the
intensity of the spectral line profile at the centre of the line; Imax is the intensity at the line

maximum.

66




HFEDL filled with pure isotope Hg 202

On the Fig. 11.27 we can see measured line emitted from capillary Hg HFEDL filled with

pure isotope Hg 202 (99.8%) and buffer gas argon of about 2Torr pressure as well as real

spectral line shapes.

For the comparison [A.1] of obtained results were used previous results obtained, by

means of non-linear multiparameter chi-square fit[48].

—=— real from solving of ill-posed, inverse task
experimental date 220 mA
—4A— real from modelling
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Fig. 11.27. The comparison of the determined real profiles of Hg 254 nm line, using both methods: 1) by
means of non-linear multi-parameter modeling (blue line) and 2) by means of solution ill-posed inverse
problem (regularization parameter was obtained from Eq.1.50(red line ). Line emitted from HFEDL

containing Hg %% (99,8 % ) isotope.

As we can see, the results obtained by means of modelling and using solution of ill-

posed inverse task agree very well.
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3.2. The Hg 184.9nm spectral line profile deconvolution [P.1], [Pr.1]

Experiment

In this case were studied the line profiles 184.9 nm Hg resonance line emitted from a
capillary Hg low-pressure high-frequency electrodeless discharge lamp, containing Hg ¢
isotope. The profiles were registered at different cold spot temperatures of the lamp in the
range from 0°C to 23°C (png in [Appendix 5])and at different values of the discharge

currents by means of a Zeeman scanning spectrometer.

The procedure of the obtaining of the real spectral lines shapes

The examples of the comparison of the experimentally registered 184.9 nm line(6' P; -
6' Sy transition [Appendix 5] )profile at the cold spot temperature of Hg 23 °C and 9 °C with
these ones after deconvolution procedure are shown in Figs. 11.28 - 11.29, accordingly. The
Ar pressure in the absorption filter was of 0.5 Torr.

—m— Experimental (c.s.23C)
—e— real from solving ill posed inverse task

0,8 1
0,6 1

0,4 1

Intensity,rel.un

0,2 1

0,0

-1
Wavenumber,cm

Fig. 11.28 .Comparison of the experimentally registered (black line) 184.9 nm Hg resonance line profile

with restored one (red line). The cold spot temperature of the mercury HFEDL is 23°C.
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—a&— Experimental(c.s. 9C)
—e— real from solving ill posed inverse task

intensity, rel.un.

0.5

Wavenumber, cm”

Fig. 11.29 .Comparison of the experimentally registered (black line) 184.9 nm Hg resonance line profile
with restored one (red line). The cold spot temperature of the mercury HFEDL is 9° C.

The regularization parameter o was obtained using discrepancy minimization method
by Eq.1.50. As we can see at Fig. 11.30 , the largest influence of the instrumental function
can be observed on the depth of the dip in the middle of the line. The small waves on the
wings of the line can be explained due to larger errors on the line wings. Even using the
regularization cannot stabilise the solution of the inverse task completely by such errors. To
avoid the oscillations, more accurate experimental data are necessary.

In Fig.11.30, the comparison of the restored real 184.9 nm line profiles is shown,
calculated from 2 different experimental lines, registered by different argon pressure values
of 0.5 Tor and 50 Torr in the absorption cell. Since the experimental conditions in the lamp
were kept approximately the same, the only difference between both experimentally
registered profiles was the width of the instrumental function. Thus, the comparison of the
restored real profiles can serve for the validation of the calculation. As we can see, the

profiles coincide quite well.
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Fig.11.30. The comparison of the restored real 184.9 nm line profiles, calculated from 2 experimental
lines registered by different argon pressure values in the absorption cell of 0.5 Tor (red line) and 50 Tor
(black line). The experimental conditions in the lamp were nearly the same.

For validation the results were compared with the results obtained by means of a non-
linear multi-parameter chi-square fit.

An example of the restored profiles by both methods of the 185 nm Hg line is shown
in Fig.11.31. The instrumental function was the absorption profile (Voigt profile) in the
absorption filter at the Ar pressure of 0.5 Torr and the room temperature.
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Fig. 11.31. The comparison of the determined line profiles applying both methods1) by means of non-
linear multi-parameter modeling (blue line) and 2) by means of solution ill-posed inverse problem
(regularization parameter was obtained from Eq.1.50(black line )
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The good agreement between values of the dip of the self-absorption, obtained used
each method was reached.
The obtained qualitative self- absorption dependence on the Hg cold spot temperature is
shown in the Fig. 11.32. The I, is the intensity of the spectral line profile at the centre of the
line; Inmax IS the intensity at the line maximum. When the spectral line profile is not reversed
than the ratio Inax/lo = 1. This parameter can serve as a parameter showing the degree of the

self-reversal. |
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1.5 4

1.04

T T T T T T T T T T 1
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Fig. 11.32. The obtained self- absorption (Iax/lo, Where .- intensity at the maximum of the profile and
lo-at the center of the profile) dependence on the Hg cold spot temperature.

At the minimum optical density conditions, by the cold spot temperature of about 0°C,
we can assume that the 184.9 nm line is practically optically thin. The temperature of the

radiating atoms, calculated from the fitted Doppler broadening is of 250° C.
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4. The approximation of the instrumental function of the Fourier
transform spectrometer [P.4], [A7]

For the defining of the best approximation of the instrumental function of the Fourier
transform spectrometer were done the following steps.

First, was used an experimentally measured He spectral line of 632.8 nm wavelength
emitted from the single mode He/Ne laser as a data array for instrumental function matrix A
in the formula (1.49) for deconvolution without any approximation. The example of the

measured line by means of the Fourier transform spectrometer is shown in Fig. 11.33.

—— Instrumental function
40 4

30 4

20

Intensity,rel.un
>
1

-20 T T T T T T T T T T 1
15797.0 15797.5 15798.0 15798.5 15799.0 15799.5

1/cm

Fig. 11.33 - The experimentally measured instrumental function of Fourier transform spectrometer
Bruker IFS-125HR.

But it led to false maximums, especially, in the far wings of the profile.
In Figs. 11.34 - 11.35 the examples of the deconvolution are shown when the

instrumental function was taken as a data array.
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Experimental_Hg546nm,P=8.55W
—— Calculated real_Instrumental function-data

0.8

Intensity,rel.un.

T
-005 000 0.05 010 015 020 025 030 035 040

Wavenumber,cm™

Fig. 11.34- The example of the Hg 546.1nm spectral line in the case when instrumental function was taken as a data
array. Line was emitted from Hg/Ar lamp without magnetic field. Green line denotes the experimental line and red
— the calculated real line.

The results of calculations are demonstrated on the single spectral line and on multiple
spectral lines that is our case. On the Fig. 11.34 we can see example for the case when
measured 546.1 nm Hg line was emitted from Hg/Ar lamp without magnetic field. On the Fig.
11.35 we can see case when measured Hg 546.1 nm line was emitted from Hg/Xe lamp in

magnetic field and therefore are split due to the Zeeman effect.

Experimental Hg546.1nm
—— Calculated real _Instrumental function-data

0.8
0.6
0.4

0.2+

Intensity [rel.un]
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-0.2 4

-0.4 -

-0.6 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Wavenumber [cm™]

Fig. 11.35- The example of the deconvolution for Hg 546.1nm spectral line in the case when instrumental function
was taken as a data array. Line was emitted from Hg/Xe lamp in the magnetic field. Lamp was operated
horizontally. Green line denotes the experimental line and red — the calculated real line.
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As we can see, in the case of direct using the measured data array as an instrumental
function A in the matrix equation (1.49) leads to the fraud maximums in the far wings of the
profile.

Second step was to test the instrumental function given by the theory of Fourier
transform spectrometry [12] giving restrictions of the resolution of the device due to the
limited optical path difference in the Michelson interferometer inside the Fourier transform
spectrometer. This function is known as sinc(x) function(Eqg.1.35).

Below we can see the example of the deconvolution when the instrumental function
was taken as a function which is described by the equation (Eq.1.35).

Experimental_Hg546.1nm,P=8.55W
—s— Calculated real_Instrumental function-Eq.1.35

1.0
0.8
0.6 4

0.4 4

Intensity,rel.u.
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0.2 — T T - T - 1 T 1 T 1T T 1 T T T
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-1
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Fig. 11.36 - The example of the deconvolution of Hg 546.1nm spectral line in the case when instrumental
function was taken as the function, which is described by the equation (Eg.1.35). The line was emitted
from the Hg/Ar lamp without magnetic field. Green line denotes the experimental line and red — the
calculated real line.

As we can see usage of this function gives a lot of negative values and also false beats
in the wings where no real maxima can be present.

Afterwards were performed approximations of the instrumental function trying to fit it
with several known peak functions, for example, VVoigt, Gauss and Lorentz functions (see
partl).

Fig. 11.37 shows the respective fitting results for the experimental instrumental function (He

laser line). We can see the experimental instrumental function and its approximation with

74



the Voigt function (fitting parameters are: the FWHM of Gaussian part Avg is of
0,02926cm™, the FWHM of the Lorentz part Av, is of 0.02926 cm™; the fit to the Lorentz

function (fitting parameters are: Av, is of 0,02862 cm™), and the fit to the Gauss function

(fitting parameters are: the Avg is of 0,03974 cm™).
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Instrument function

Gauss fit of instrument function
—— Lorentz of instrument function

Voigt fit of instrument function

T
16797.0

| . I o 1 ¥ | . 1
15797.5 15798.0 15798.5 15799.0 15799.5
1/cm

Fig. 11.37 - The experimentally measured instrumental function (black line) of the Fourier transform
spectrometer Bruker IFS-125HR and its approximation: with the Voigt function (green line); with the
Lorentz function (blue line); with the Gauss function (red line).

The best fitting results were obtained for the fitting with the Lorentz function, so was

decided to use it for further tests.

In Fig. 11.38 the examples of deconvolution are shown when the instrumental function

was taken as a data array (blue line), Lorentz function (red line) and as a function described

by Eq.1.35 (green line). Fig. 11.38 shows the deconvolution example for the measured 546

nm Hg line, emitted from Hg/Ar lamp without magnetic field. The example clearly
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demonstrates the case when the self-absorption dip in the centre of spectral line is covered
by the instrumental function.

The comparisons in figures below clearly demonstrate that the deconvolution
procedure in cases, when instrumental function was taken in a form of raw data, or as a
theoretical instrumental function described by equation (Eg.1.35), gave very noisy solutions
on the wings of profiles. Also, this test illustrates that the best approximation of

instrumental function was its approximation with the Lorentz function.

measured_Hg546nm
calculated_Instrument function-Lorentz
calculated_Instrument function-data

0 calculated_Instrument function-expression(10)

08 [\
0.6 + [l

0.4 4 |

Intensity,rel.un.

0.2 1\

-0.2

- : - : - T - T r T v
18306.80 18306.88 18306.96 18307.04 18307.12

Wavenumber,cm”’

Fig. 11.38 The example of the measured Hg 546 nm spectral line (black line) and calculated real lines in the case,
when instrumental function was taken as a data array (blue line), Lorentz function (red line) and as a function
described by Eq.1.35 (green line). Line was emitted from Hg/Ar lamp without magnetic field.

5. Deconvolution of the Hg visible triplet profiles, measured by
means of the Fourier transform spectrometer

For these investigations the HFEDLs with microsize capillary shown in Fig.1.10(d) were

used. The discharge is ignited in the capillary part of lamp. The reservoir at the end of lamp
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is used as a cold spot to control the metal vapour pressure in lamp [20]. In this experiments
the mercury isotope pressure was of 0,003 Torr [90]. The lamps were filled with mercury
isotopes 198 or 202. Xenon, argon, krypton were used as buffer gases. The Hg/Xe lamp was
observed in magnetic field also.

Spectral lines, emitted from Hg/Xe, Hg/Ar, Hg/Kr high frequency microsize capillary
lamps, were measured using Fourier Transform spectrometer Bruker IFS-125HRin the
wavelength region 330-2000 nm. In this case, the Hg visible triplet lines with wave lengths:
404,7 nm, 435.8 nm, 546.1 nm(7°S;:-6°Py 1 » transition) [Appendix 6] were analysed.

5.1. Investigation of the Hg/Xe lamp in the magnetic field [P.3], [Pr.5] [Pr.6], [A6].

In this case the lamp was filled with xenon of 2 Torr partial pressure and mercury isotope
198. The lamps were capacitatively excited using 100 MHz frequency applied to external
electrodes. The lamps were operated in three different positions in accordance to the Earth
plane, namely, horizontally, vertically with Hg reservoir up, and vertically with Hg
reservoir down (Fig. 11.39) . The lamps were placed in magnetic field to observe Zeeman
splitting, as necessary for their application in Zeeman Atomic Absorption Spectrometry
(ZAAS). Magnetic field was perpendicular to the axis of capillary and the direction of

observation was parallel to the magnetic field lines.
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Fig. 11.39 - Working position of the Hg/Xe capillary lamp: a) horizontally, b) vertically with the Hg
reservoir up, ¢) vertically Hg reservoir down.

The examples of experimental measurements of the 404.7 nm line in three different
working positions are shown in Fig. 11.40. As clearly can be seen in Fig. 11.40, the most
intensive lines were obtained when the lamp was operated vertically, especially with the
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reservoir up. The smallest intensity was observed when the lamp was operated horizontally.
This effect was observed in the research [91], where the difference between the distributions

of atoms in different working positions was found.

600
Hg capillary, 404,7 nm

horizontal

500 | —— vertical, up
vertical, down
400
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24703,5 24704,0 24704,5 24705,0 24705,5 24706,0 24706,5 24707,0 24707,5

Wavenumber, cm™

Fig. 11.40 - Example of experimentally measured Hg 404.7 nm line. The line was emitted from Hg/Xe
capillary light source placed in three different working positions: horizontally (black line), vertically
with Hg reservoir up (red line), and vertically with Hg reservoir down (green line).

Figs. 11.41(a) and 11.41( b) show the results for the vertical lamp operation, with Hg
reservoir up and Hg reservoir down, respectively. All experimental lines were normalised
for the line shape future calculations in magnetic field. The line is split due to the Zeeman
effect into one non-shifted = component and two o components. The deconvolution was
done using two independent methods Eq(1.50) and Eq(l.52) for finding the regularisation

parameter.
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Fig. 11.41 Measured and deconvoluted Hg 404.7 nm profiles: green line — experimental profile; blue
and red lines — calculated real profiles, obtained using discrepancy minimization method for the getting
of the regularisation parameter, and method when a is root of Eq(1.46), respectively. a) Lamp was
operated vertically with Hg reservoir up. b) Lamp was operated vertically with Hg reservoir down.

After the deconvolution was performed Gauss fit to the calculated real lines.
In the Table 4 we can see the values of the full width at half of maximum (FWHM) of the
Gauss profile. The values are shown for the Hg 404.7nm emission line for vertical position
of the lamp. The results of the solutions are shown for both methods of finding the
regularisation parameter.

Table 4.
The results of the deconvolution: the FWHM of the calculated real line shapes from
the Gauss fit to the calculated real profiles for the Hg 404.7nm emission line for both
vertical positions of the lamp.

FWHM(cm™) i + Lamp

after Gauss fit © ° position

Experimental 0.05020 | 0.04746

Real calculated Vertically,

(discr.min.met.) 0.03541 1 0.03437 with Hg

Real calculated reservoir up

(Kojdecki met.) 0.02893 | 0.02826

Experimental 0.05072 | 0.05036 .

Real calculated Vertically,
. ) 0.03518 | 0.03539 with Hg

(discr.min.met.) :

Real calculated reservorr

0.02873 | 0.02903 down

(Kojdecki met.)
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Both methods give credible results. However, we can observe that the Kojdecki
method gives smaller values of the FWHM of the calculated real line shape than
discrepancy method. It can be explained by the fact that the method proposed by Kojdecki
strongly depends on errors of measurements and instrumental function. For application of
the discrepancy minimization method it is necessary to know only the instrumental
function. We can also observe that the signal for the horizontal lamp position is very weak
(see Fig. 11.40); therefore, the results of calculations for this working position were not
taken into account for temperature estimation.

The average calculated temperature value (see Eq.1.5) of radiating atoms is of (650+126)K,
which is in good agreement with our initial calculations [Pr.5]. The relative error is 19%.

No clear evidence of the temperature changes in different working positions was found.

5.2. Investigation of the Hg lamp with different buffer gases (Ar, Xe, Kr) without
magnetic field [Pr.8]

In this case the lamp was filled with argon of 2 Torr partial pressure and mercury
isotope 198. The Hg 404nm, 435nm and 546nm line profiles (7°S;-63P1- transition
[Appendix 6]) were measured for further calculations, by means of Fourier Transform
spectrometer. The example of experimental measurement of the 546.1 nm line (power 8.55W)
is shown in Fig. 11.42.

On the Figs. 11.43 - 11.45 the FWHM of the measured and calculated real profile
dependency from the power can be seen. On Fig.11.43 can be seen the Hg 404.7nm line, on
Figs. 11.44 - 11.45, 435.8nm and 546.1nm lines accordingly.
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Fig. 11.42 Example of measured and deconvoluted Hg 546.1 nm profiles: black line —

experimental profile; blue and red lines — calculated real profiles, obtained using discrepancy

minimization method Eq(1.50) for the getting of the regularisation parameter, and method when a is
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Fig. 11.43 FWHM of measured and deconvoluted Hg 404.7 nm profiles: black line — experimental
profile; green and red lines — calculated real profiles, obtained using discrepancy minimization method
Eq(1.50) for the getting of the regularisation parameter, and method when a is root of Eq(I.52),

respectively.

81



Hg 435nm

0.086

0.084
0.082 ] /
HotAry

0.080

0.078
0.076 - /
.

0.074 4 " "
o2 / I
0.068 ™~

s
3
= 0.066 o
= 0.064 /
% oooe2 0,
0.060 -]
0.058 -] —m— exp_Hg/Ar_435nm
0.056 —e—real_Hg/Ar_435nm (Kojd.m)
0.054 real_Hg/Ar_435nm (d.min)
0.052
0050 T T T T T T T T 1
8 10 12 14 16 18 20 22 24
Power,W

Fig. 11.44 FWHM of measured and deconvoluted Hg 435.8 nm profiles: black line — experimental
profile; green and red lines — calculated real profiles, obtained using discrepancy minimization method
Eq(1.50) for the getting of the regularisation parameter, and method when a is root of Eq(I.52),
respectively.
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Fig 11.45 .FWHM of measured and deconvoluted Hg 546.1 nm profiles: black line — experimental
profile; green and red lines — calculated real profiles, obtained using discrepancy minimization method
Eq(1.50) for the getting of the regularisation parameter, and method when a is root of Eq(1.52),
respectively.
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As can be seen on Figs. 11.43 - 11.45, the instrumental function significantly effects on
the line width.

Below, the results of the deconvolution procedure for the Hg 546.1 nm visible triplet
line can be seen. The line was emitted from Hg lamps with different buffer gases. For cases,
when as buffer gaseswere used Kr and Xe, the Hg 202 isotope was used. In the case for Ar
as the buffer gas, Hg 198 isotope was used. Figs. 11.47- 11.48 show the comparison of the
results in cases, when as buffer gas Ar or Xe(Fig 11.47) and Ar or Kr(Fig. 11.48 )were used.
The results are given for two methods of finding the regularization parameter o: the
Kojdecki method [79] and minimum of discrepancy method [52]. Both methods give
similar results. It is interesting to observe that the line, emitted from the 198 isotope lamp,

after deconvolution is self-absorbed.
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Fig. 11.46 Example of measured and deconvoluted profiles of Hg 546nm; as buffer gas was used Ar
(experimental profile- blue line; calculated real: light blue line(Eq.1.50); pink line (Eqg.1.52) ) and
Xe(experimental profile- black line; calculated real: green line(Eq.1.50); red line (Eq.1.52) ).
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Fig. 11.47 Example of measured and deconvoluted profiles of Hg 546nm; as buffer gas was used Ar
(experimental profile- blue line; calculated real: light blue line(Eq.1.50); pink line (Eqg.1.52) ) and
Kr(experimental profile- black line; calculated real: green line(Eq.1.50); red line (Eq.1.52) ).

The obtained real FWHM for all the registered lines is shown in Figll.48. It is clearly
demonstrated that the neglecting instrumental function can lead to large error in the full
width calculations. Clear dependence of the FWHM of the type of buffer gas can be
observed — the heavier the buffer gas, the colder the plasma. Adding Kr or Xe instead of Ar

decreases FWHM and consequently decreases temperature.
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Fig. 11.48 FWHM in dependence from the discharge power, calculated from the deconvoluted line shapes of
Hg line 546.1 nm emitted from the Hg/Ar, Hg/Kr, Hg/Xe discharge plasmas
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I11. Concluding considerations

1. The new method of the diagnostic of the low temperature plasma in case of high-
frequency electrodeless discharge lamps (HFEDLs) by means of the ill posed inverse task
solution - the real spectral line deconvolution from experimental ones emitted from low
temperatures plasma sources- was elaborated based on the Tikhonov’s regularization
principle. Two different methods for finding the regularization parameter were
implemented. The elaborated method was tested on model tasks and on the examples of
different type of microsize high frequency electrodeless lamps containing low
temperature mercury discharge plasma. The spectral line profiles were measured by
Zeeman spectrometer, Fabry-Perot interferometer, Fourier transform spectrometer. The
specific instrumental functions for each of apparatus were used for restoring real line

profile.

2. First time was developed new software for this method realization for different
spectrometers: Zeeman spectrometer , Fabry-Perot interferometer, Fourier transform
spectrometer with their instrumental function as analytical functions or as experimental

data arrays.

3. To obtain the limits of the credibility, the solution of the model task was performed:

e with different ratio between instrumental function and measured profile
[Pr.2;A2,Pr.7];
e with different level of noise[A3, Pr.7].

4. The solution of the model examples shows that this method can be used for the narrow

spectral profiles restoring if the following conditions can be performed[Pr.7]:

e normal level of the noise. The variance of data must be less than 0.1;
¢ the ratio between instrumental function and measured profile can be less or equal of
2.
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5. First time the new method was used for the diagnostics of the microsize Hg high-

frequency electrodeless lamps for their application in atomic absorption spectrometry.

6. The new diagnostic method was tested using experimental spectral line shapes

without and with presence of magnetic field.

7. First time with this method, for high frequency electrodeless lamps(Hg'*®), were

obtained the results for the mercury resonance 184.9 nm line profile, 6'So-6'P,transitions:
e line measured by means of Zeeman spectrometer : [P1; Pr.1;Al]

202

8. First time with this method, for high frequency electrodeless lamps(Hg~“)were obtained

the results for the mercury resonance 253.7 nm line profiles, 6'So-6°Pstransitions:

e line measured by means of Fabry-Perot interferometer [P2; A5]- dumbbell like
lamp;
e line measured by means of Zeeman spectrometer: [Pr.3; Pr.4;Al;A4]-

microsize capillary lamp.

9. First time with this method, for microsize capilary high frequency electrodeless lamps
(Hg®® Hg'® ), were obtained the results for the mercury visible triplet (with the wave

lengths Hg 404,7 nm, 435.8 nm, 546.1 nm respectively) 7°S;-6%Pq 1 » transitions

a) lines measured by means of Fourier transform spectrometer in magnetic
field[P3, Pr.5;Pr.6;A6;AT7];

b) lines measured by means of Fourier transform spectrometer without magnetic
field.

10. For the validation of the method, some results were compared with the results obtained
by modelling of the spectral line profiles [P1; Prl; Al;]. The results obtained by the
method developed in this work are in good agreement with results obtained by the method
of spectral line modelling. That gives possibility to perform the solution by method
presented above when another method has restriction (limitations). The disadvantage of the

line profile modelling method is that the functions of the line profiles have to be known
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before and it is applicable manly for the symmetric lines. For the usage of described in this
work method of diagnostics of low temperature plazma in case of HFEDL, that based on
the Tikhonov’s regularization algorithm, the only parameter what we have to know a priori
is - the instrumental function. Both methods can be used for bigger credibility in the

difficult cases.

11. It was found out that the neglecting the instrumental function, in the case of low —
temperature plasma where typically the instrumental function is on the same order that
experimental profile, gives huge error for the FWHM estimation and consequently for
discharge temperature estimation. The influence of the type of buffer gas was investigated

also.
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Appendix 1.

Bellow we can see the screenshot of the main program written in Math Cad. The program
has three parts. There are measured data entering, it interpolation(b(t) ) and instrumental
function(A(x)) entering in the first part of the program. The instrumental function can be
given as data array also. In this case, instead of formula we enter the data as matrix and do
approximation similarly as was done for measured data. The results of the interpolation of
the measured data and instrumental function can be seen on the first and second graphs,
accordingly.

The solution of the ill-posed inverse task will be done in the second part. The
regularization parameter were obtained by means of two methods: discrepancy
minimization(1.50) and by Kojdecky method(1.52).

The results are shown and can be saved in the third part.
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? Solution of ill posed tasks in spectroscopy

Appendix 2

Bellow we can see the screenshot of the program written in Delphi7. As we can see the
program has two parts. There are measured data entering, it interpolation and instrumental
function entering in the first part of the program. The solution of the ill-posed inverse task
will be done in the second part.

The measured data have to be saved in Microsoft Excel format. First of all we have to
open the file with data of measured profile -button "open Excel”. The number of row of
Excel file we have to write in window on the right side of the button. For future calculation
the data must be interpolated-button "interpolate”. Measured and interpolated data can be
seen on the first graph: red line-measured, green line-interpolated profile. After that we
have to choose the type of instrumental function, to write the FWHM of it in the window on
the right side and press the button "AF" . If we choose the option —“Data”, we have to press
button ,,Open Excel (AF)" and after that only press the button "AF". The measured

instrumental function can be seen on the graph with caption: “Measured data”.

open Excel 121

Measured data Result of solution

21.01.2016 1 — measured
— interpolated
11:4815 asd o
DATAINPUT

interpolate 200 Stesp 0005005 0 3 : ; F
x
Tupe of AF FUHM of AF
" Gauss
0.0
" Lorentz

Comparigen of measured and solved data

® Rz (/00 03 s 20 ewpl[- 2710 03472 “Serest
— Seriesb
¢ Data ]
AF | Open Excel [4F) | 121
SOLUTION
Error of data 0o
i 1 0 1
1< 32=| Acocuracy  |0.0000007
Dichatorny method ‘ min 0 sec 3 milsec 270

w
)

Fegularization parameter

9.6963473088373E-6 {+ By dichatory met. Enterreg.par | |35963470038375E-6

Brent's method ‘ min 0 sec 2 mikec 541 (" By Brent's met.

a=

9.527373368267EEE £

zolve | normalize | zAVE |

- 0074
- 0.064
- 0.052
- 0.039
- 0.oz7
-ooie
- 003
-z
- 0014
- 0019
- 0.024
- 0.029
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Solution implemented according Eq.11.45 that is why for solution necessary to know
the error of the measured data. There are 0.01 in the example above, but of course, it have
to be changed to another value in dependence of concrete task. Than have to be entered
accuracy of solution (all calculations were performed with the 1*10” accuracy in this
work). For regularization parameter obtaining, necessary input value of solution limits and
to choose the numerical algorithm. There are two algorithms in the program: dichotomy
method and Brent's method. How long the program counts according each of method, can
be seen on the right part of the buttons with according title. Then have to be chosen the
value of regularization parameter, which will be used in program (in example above, for
future calculation was chosen value of regularization parameter, obtained by means of
dichotomy algorithm). After button "solve" pressing, the solution was done. The result of
solution can be seen on the graph2 and on the graph 3 with comparison with initial data.
After pressing "save" button we get the standard window of Microsoft Wiindows for data

saving. The data can be saved as text file for future processing.

'_ﬁ Solution of ill posed tasks in spectroscopy
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Appendix 3

Bellow we can see the block sheme and screenshot of the program written in Delphi7. This
programm is written for temperature or/and FWHM estimation.

If we would like to obtain the temperature of radiating atoms, we have to input the
FWHM of measured line in cm™ , length of wave in nm and mass number(M). Atherwise,
we have to insert the value of temperature (T,C°), to obtain the FWHM of line.

Block scheme of program of obtaining of temperature

1. Data Input

FWHM+M+V @ Temperature

A 4

Y
2. Solution 2. Solution
l A 4
7. Data output 7. Data output
(Temperature(K and/or C°) FWHM(cm™)
(? Temperature = | & 2 ]

Input FWHM 5,05

Input length of wave(nm) |253, 7
Input M lzﬂz—
Solve T(K) 534.024832941247

SolveT(C) 361.024332441247

L

Input T(C) 361

Solve FWHM(L/cm) | 0.0499990208315533
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Appendix 4.

Bellow we can see the blockscheme of the program written in Math Cad for obtaining of
the value of self absorption of line. First of all we have to input necessery values : wave
length, pressure,temperature,oscilator strength, the values of width of line (Av),etc.(see
Egs.l.7-1.9) After data entering, first of all, can be obtained absorption coefficient and
optical density. Using Ladenburg — Levi function we get the values of self absorption of
line. At the end we get the values of FWHM, taking into account the influence if self-

absorption, and can save the results for further calculations.

Block scheme of program of obtaining of FWHM, taking into account the influence of
self-absorption

1. Data Input

A 4

2a. Solution of absorption coefficient and optical
density

A 4
2b. Solution of Ladenburg-Levi function

l

2c. Solution of self-absorrption

3. Data output and save
(values of FWHM, taking into account self-absorption)
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Appendix 5.

Mercury pressure dependence on temperature

m  Hg pressure
Linear Fit of Data2_B

0.014
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Hg pressure, Torr
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Nesmejanov A.N., Vapor pressure of the chemical elements, Moscow, Academy of
Sciences of the USSR, (1961)
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Appendix 6.

Scheme of mercury
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Abstract

The line profiles of 184.9 nm Hg resonance line emitted from a Hg low-pressure high-frequency electrodeless discharge
lamp, containing Hg 198 isotope, have been measured by means of a Zeeman scanning spectrometer at the mercury cold
spot temperature values in the range of 0-23 °C. Two different methods were used to determine the real spectral line profile
and to separate the instrument function: (i) solving the ill-posed inverse problem by means of the Tikhonov’s regularization
method; and (ii) the mathematical modelling by means of a non-linear multi-parameter chi-square fit. The real Hg
184.9 nm spectral line profiles, determined by both methods, are compared. Influence of instrumental function, degree of
the self-absorption and temperature of the radiating atoms are obtained.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Inverse problem; Deconvolution; Hg 184.9 nm line; Line profile measurement; Zeeman spectroscopy; Regularization

1. Introduction

An experimental study of the emission line profiles is of general interest in connection with diagnostics of
different types of plasmas and discharges. Since our work is connected with the development and
manufacturing of new performance high-frequency electrodeless discharge lamps (HF-EDLSs) [1] containing
mercury for their use in scientific devices and lightening, it is crucial to perform different diagnostic methods
to obtain the discharge plasma characteristics. Careful investigation of the spectral line profiles can give
information about such plasma parameters as temperature, concentration and distribution of the emitting and
absorbing atoms, optical density, collisional parameters. Information about mercury 253.7 and 184.9 nm
resonance lines is also important in fluorescent lamp technology where mercury/argon discharge is used. Data
about 184.9 nm resonance line structure in dependence on the cold spot temperature can be used not only for
the lamp diagnostics but also for the validation of different type of calculations and models, considering
radiation trapping [2,3]. The radiation trapping effect plays an important role in light source devices using
resonance radiation and it is important for the calculation of radiation efficiency and luminous output.

*Corresponding author. Tel.: +3717047963.
E-mail address: gitar@latnet.lv (G. Revalde).

0022-4073/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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The standard way to measure line profiles is by means of a pressure scanned Fabry—Perot interferometer [4].
In the vacuum-—ultraviolet spectra region, the interferometer has to be equipped with special mirrors. An
additional difficulty of the 184.9 nm line measurement is the absorption of the radiation by oxygen. Another
type of spectrometer based on application of the Zeeman effect, so-called Zeeman spectrometer, offers
advantages of a simple experimental set-up [5,6]. Commonly, it has been used to study absorption line profiles.
In this work, we have performed the 184.9 nm emission spectral line profile measurements by means of
Zeeman scanning spectrometer.

The experimental spectral line is a convolution of the real line profile and instrument function. For many
applications, like the usage of light sources in atomic absorption spectrometry, it is important to know the real
profile of the spectral line [7]. The instrument function can cover detailed structure of the spectral line, like the
dip in the line centre caused by the self-absorption (self-reversal) and characterising the radiation trapping.
The subtraction of the instrument function is an ill-posed inverse task where quite small experimental
uncertainties can cause large deviations in the solution. Therefore, the solution of such problem is not possible
directly [8]. For ill-posed problems in classical sense, the successful usage of the different methods of solution
is shown [9]. Some authors use Fourier transform and regularization method [10]. It is well known that
Tikhonov regularization is one of the most useful tools for solving the ill-posed problems [11,12].

In the previous papers [13,14], we have demonstrated the possibility to use a multi-parameter non-linear chi-
square line fitting to estimate the real spectral line profile for the self-absorbed spectral lines emitted from the
HF-EDLs. In this paper, we do also the numerical solving of the inverse ill-posed task using the regularization
method suggested by Tichonov [15,16]. The results from both methods are compared. The real mercury
184.9 nm line profile was determined in dependence on the cold spot temperature of the lamp.

2. Experimental

The experimental set-up is shown in Fig. 1. In this work, we have investigated an HF electrodeless light
source filled with mercury with high isotopic abundance of Hg 198 (99.9%) and buffer gas argon of 2 Torr
pressure. Radiation from the Hg light source passes through a polarizer and modulator. After that the light
traverses an absorption filter, which is placed in the variable magnetic field. The absorption filter contains Hg
202 isotope (99.9%) and argon of 0.5 or 50 Torr pressure. A side arm of the filter was thermo-stated using a
Peltier element at the temperature of—17 °C to control the Hg vapour pressure. Due to the magnetic field, the
absorption line was split into three components—an unshifted n-component and ¢ + and o—components. The
o+ and o—components were shifted at a distance being proportional to the magnetic field strength. By
scanning of the magnetic field strength, the decrease of the emission line intensity was observed when the
emission line coincides with absorption line. Only the ¢ + component of the absorption line was separated and
registered. Intensity of the radiation was detected by a photomultiplier tube (PMT). Analytical signal is
S = 81/8y, where S is the continuous current of the PMT and S, the signal on the modulation frequency of
the polarisation modulator. Polarisation modulator was used to avoid the influence of the light source

Resonance PMT

. . Modulator B filter PC
Peltier Polarizator (50kHz)

0°C-23°C
[y
—> LI >
Hg198; Q I_l
99.9%

Hg202; 99.9%+
Ar0.5 or 50 Torr

Peltier
-17°C

Fig. 1. The experimental set-up.
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intensity changes. The registered signal S is S~AQnl, where AQ is the differential crosssection of the
absorption, n the Hg concentration in the filter and / the absorption path length.

The relative shift of the components was 0.47cm™'/T. The 184.9 nm line profile was registered by different
cold spot temperatures of the lamp in the range from about 0 °C to the room temperature of about 23 °C.

3. Theoretical approach

The registered signal f{(v) (proportional in our case to the differential cross-section of the absorption AQ) is
given by a convolution

b
/ A(v = V() dv' =f(v), ¢<v<d, €))

where A(v — v') is the kernel of the integral—the known instrument function (in our case the absorption profile
of the ¢ component of the Hg); f(v) the experimental distribution function (profile), registered by apparatus;
y(v') the unknown real profile of emitted spectral line; @, b the limits of the real profile and ¢, d the limits of the
measured (experimental) profile.

To determine the real spectral line profile y(v), it is necessary to solve the inverse problem (1). The problem
(1) is known as the classic Rayleigh reduction problem (or reduction problem to an ideal spectral device) and
can be described by the first kind of Fredholm integral equation.

In general, problem (1) can be written as an operator equation:

Ay =f, (2)
which connects the function f€ G», in our case the measured spectral profile at frequencies v with unknown
function ye G (in our case the real profile of 184.9 nm line of mercury) and A the continuous operator, with
domain of values G, and definition domain G;; G; and G, are some metric spaces. Formally, the solution of
Eq. (1) can be written as

y=A7Y, 3)
where A~ is the inverse operator.

According to Hadamard [9], an inverse problem is well posed, if the solution: (1) exists for any fe G»; (2) is
only one in G; and (3) continuously depends on fe G, i.e. the solution must be stable against the changes of
the right side part. In our case, the third condition is wrong. That is why we did not solve Eq. (2) directly using
(3). We implemented the Tikhonov’s regularization method in our computations of Eq. (1). The main idea of
the regularization consists in the narrowing of the function’s class searched for the solution by using some
additional a priori information. This method is based on a transformation of the initial problem to a problem
of minimising of the smoothing functional. The solution is the function that gives the minimum for the
smoothing functional (the Tikhonov’s functional). The Tikhonov’s functional is described by the following
expression:

2

d b
My = / [ / A — V(") dv — f(v) | dv+Q, (4)

where Q the stabilizing functional is

b
_ 20/ ’
Q—/by(v)dv, 5)

and the regularization parameter 1> 0.

We performed our calculations using Tikhonov’s regularization algorithm written in Mathcad. The solution
of the inverse problem was performed in two stages. In the first stage, the problem of the minimum searching
of the Tikhonov’s functional was solved. The solution of Eq. (4) was implemented as the solution of the linear
equation system. So, we have got a regularized solution of the linear equations system, depending on the
regularization parameter A. In the second stage, the regularization parameter A was determined. The minimum
of the function of the linear equations system’s discrepancy was searched.
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For the validation and comparison, we use also the mathematical modelling to estimate the true profile and
fitting the modelled line to an experimental profile by a non-linear multi-parameter chi-square procedure and
numerical calculations. The mathematical model is described in the paper [13] in detail. This model includes
the basic factors causing the spectral line broadening in a low-pressure discharge: Doppler, natural and
collisional. These effects are accounted by means of the Voigt profile.

For a quantitative description of self-absorption, we have to know the excitation function of the source. We
use following approximations: (i) the approximation of a uniformly excited source; (ii) source with spatially
separated emitting and absorbing atoms and (iii) model suggested by Cowan and Dieke [17,18]:

o0 1,2
I(v — vo) = IoP(v — vo)e * Z dala 6)
Jj=0

= & +nl

where n is an integer characterising the homogeneity of the radiation source and u = ko/ [P(v — vo)/P(0)],
where P(v—v) is the line profile of radiation in a unity volume and k! is the optical density at the centre of the
line.

The resulting profile is a convolution of the self-absorbed Voigt profile and the instrument function. The
precise values of parameters for the instrument function we can obtain in an independent experiment, so we
can estimate the real profile by fitting modelled convolution to an experimental line.

To perform the modelling by both methods, preliminary information about instrument function of the
spectrometer is necessary. For the Zeeman spectrometer, the instrument function is the absorption spectral
line profile, determined by the Doppler broadening for vapour temperature in the absorption cell, in our case
at the room temperature of 20 °C (0.047cm™") and collisional broadening described by a Lorentz function.
For our calculations, following data were used: the distance between Hg 198 and Hg 202 of 0.308 cm ™" [19],
the Lorentz broadening for 184.9 nm (in collisions with Ar) of 0.360cm ™" atm™', and the collisional shift of
0.110cm ™" atm™' [20]. In the case of pa, = 0.5 Torr, the Lorentz broadening is 0.000237 cm ™", but in the case
of par = 50 Torr, it is 0.0237cm™'. The resonance broadening of Hg can be neglected due to small vapour
pressure at the metal temperature of —17 °C. Thus, the total instrument profile is a Voigt profile, the
convolution of the Gauss and Lorentz profiles.

4. Results and discussion

The 184.9 nm line profile was registered at different cold spot temperatures of the lamp in the range from 0
to 23°C. An example of the experimentally registered 184.9 nm line profile in dependence on the cold spot
temperature of Hg is shown in Fig. 2. The Ar pressure in the absorption filter was of 0.5 Torr.

The result of the extraction (deconvolution) of the real profile from the experimental 184.9 nm mercury
profile using the Tikhonov’s regularization method is shown in Fig. 3.

As we can see, the largest influence of the instrument function can be observed on the depth of the dip in the
middle of the line. In Fig. 3 as well as in following figures, small waves (oscillations) on the wings of
the deconvoluted line profiles can be seen. They are caused by larger uncertainty of the experimental data on
the far line wings. Even using the Tikhonov’s method cannot stabilise the solution of the inverse task
completely by such relative large errors (about 50%). To avoid the oscillations, more accurate experimental
data are necessary.

In Fig. 4, the comparison of the restored real 184.9 nm line profiles is shown, calculated from two different
experimental lines, registered by different argon pressure values of 0.5 and 50 Torr in the absorption cell. Since
the experimental conditions in the lamp were kept approximately the same, the only difference between both
experimentally registered profiles was the width of the instrument function. Thus, the comparison of the
restored real profiles can serve for the validation of the calculation. As we can see, the profiles coincide quite
well.

The comparison of the real-line shapes, received from the solution of the ill-posed inverse problem and
obtained by the non-linear multi-parameter chi-square fit, is shown in Fig. 5. It can be seen that both methods
give nearly the same real profiles. It is important that the depth of the dip in the line centre coincide for both
real profiles, since it is one of the most important characteristics. Rather good agreement between the
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Fig. 2. The experimentally registered profiles of the 184.9 nm Hg resonance line by different cold spot temperatures of the mercury HF-
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Fig. 3. Restored real 184.9nm Hg resonance line profiles by different cold spot temperatures of the HF-EDL.

experimental profile (black squares) and the modelled line with instrument function (open circles) is achieved.
The divergence of the line shapes far from the line centre can be explained by the inability of the model of
Cowan and Dieke (Eq. (6)), used for accounting the self-absorption, to represent the actual distribution of
emitters and absorbers in the lamp and also due to the fact that this model does not take account of multiple
absorption and re-emission in the surrounding medium [14]. For more accurate fitting of the line wings, it is
necessary, therefore, to consider a more complex model.

Despite the problems discussed above about the wings of the obtained real-line profiles, the results can be
used to compute the gas temperature, optical density and the influence of the instrument function very well.

Another example of the modelled profiles is shown in Fig. 6. A good coincidence of the experimental and
modelled spectral line profiles is also reached here. Knowing of real line profiles allows the further
determination of the degree of the optical density of the source.
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Fig. 4. The comparison of the restored real 184.9 nm line profiles, calculated from two experimental lines registered by different argon
pressure values in the absorption cell of 0.5 and 50 Torr. The experimental conditions in the lamp were nearly the same.
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Fig. 5. The comparison of the determined line profiles applying both methods: solving the ill-posed problem using Tikhonov’s
regularization and the non-linear multi-parameter modelling.

The obtained qualitative self-absorption dependence on the Hg cold spot temperature is shown in Fig. 7: I
is the intensity of the spectral line profile at the centre of the line and I, the intensity at the line maximum.
When the spectral line profile is not reversed, then the ratio I,,,/lo = 1. This parameter can serve as a
parameter showing the degree of the self-reversal.

At the minimum optical density conditions, by the cold spot temperature of about 0 °C, we can assume that
the 184.9 nm line is, practically, optically thin. By fitting of the deconvoluted real line profile at the minimum
optical density conditions to the Voigt function, we can obtain the Doppler broadening and determine the
temperature of the radiating atoms (Fig. 8). The temperature of the radiating atoms, calculated from the fitted
Doppler broadening, is of 250 +40 °C. The magnitude of this value agrees quite well with the previous results
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Fig. 6. An example of the modelled 185nm spectral line for the experimental line at the cold spot temperature of 9 °C and i = 200 mA.
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Fig. 7. The obtained self-absorption (I,ax/lo, Where I« 1s the intensity at the maximum of the profile and I, at the centre of the profile)
dependence on the Hg cold spot temperature.

for similar discharge lamps [14]. It was seen in [14] that the gas temperature is dependent on the both the
discharge current and argon pressure.

For the comparison of the both methods for the estimation of the real spectral line profile, we can mention
that there are some advantages and disadvantages of the both methods. The disadvantage of the line profile
modelling method is that the functions of the line profiles have to be known before and we can apply it mainly
for the symmetric lines. For using the Tikhonov’s regularization method, the only parameter that we have to
know is the instrument function. The advantage of the modelling is that we can apply it also for the fit of the
width of the instrument function if the type of the instrument function is known.
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Fig. 8. The fit of the Voigt function to the restored 184.9 nm line profile at the T¢ 5, = —0.5°C for the determination of the temperature of

the radiating atoms. The fitting parameters: Gauss width of 0.063 cm™'; Lorentz width of 0.016cm™"; 3> = 0.997.

5. Summary
The line profiles of 184.9 nm Hg resonance line, emitted from a low-pressure high-frequency electrodeless
discharge lamp by different Hg cold spot temperatures, have been measured by means of the Zeeman scanning
spectrometer. The line profiles were registered at different instrument functions. The real 184.9 nm Hg line was
determined applying two different methods to subtract the instrument function: (i) the solving of the inverse
task by the Tikhonov’s regularization method and (ii) the multi-parameter chi-square line profile modelling.
Good agreement of the real line profile, obtained by the both methods, is observed. The main advantages of
the Tikhonov’s regularization method are that it is not necessary to make additional assumptions about the

real-line profile and it can be applied also for asymmetric line profiles.
The temperature of the radiating atoms was of 250440 °C, estimated from the Doppler broadening of the
deconvoluted real-line profile.
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The Hg 253.7 nm spectral line profiles, emitted from the mercury-argon high-frequency electrodeless
discharge lamps (HFEDL) have been measured by means of a high-resolution scanning Fabry-Perrot
interferometer at the mercury cold spot temperature value at 20 °C, different discharge current and
buffer gas values. The deconvolution procedure by means of the Tikhonov’s regularization method was
performed to obtain the real spectral line shape. The influence of the instrumental function and
absorption, real width of the Hg 253.7 nm resonance line and temperature of the radiating atoms are
obtained. The results were compared with the results of the nonlinear multiparameter mathematical

modeling by means of a nonlinear multiparameter 2 fit.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

For plasma diagnostics it is important to know the real shape
of the spectral line. The instrument function can destroy the real
spectral line shape significantly, for example, it changes the width
of the spectral line that leads to the uncertainties in the
determination of such important plasma parameters as tempera-
ture. It can also cover detailed structure, like the self-reversal that
is important to know different applications, for example atomic
absorption analysis. Therefore the decomposition should always
be performed while using the spectral line shapes for plasma
diagnostic purposes.

2. Experiment

In this work are reported the studies of the line profiles of
253.7 nm Hg resonance line emitted from the spherical part of the
bar-bell like high-frequency electrodeless discharge lamp
(HFEDL), manufactured at the Institute of Atomic Physics and
Spectroscopy. The lamp was filled with Hg of a high isotopic
abundance (99.3% of 202 isotope) and Ar as a buffer gas.

Spectral line profiles were recorded by means of a high-
resolution scanning Fabry-Perrot interferometer with two differ-
ent Ar pressures of 2 and 10 Torr, in dependence on the discharge
current (80-190mA) at the Hg cold spot temperature value of
20°C.

E-mail address: natalja.zorina@gmail.com

0168-9002/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.nima.2010.02.085

3. Theoretical approach

To obtain the real shape of a spectral line it is necessary to
solve the Fredholm first kind integral equation:

b
/ Av—voyvo)dvo =f(v), c<v=d. &)

Eq. (1) is a convolution of an unknown real profile y (vo) with
instrument function A (v, vo), where a, b and c, d are the limits of
the real and measured (experimental) profiles accordingly. In our
case A is the instrumental function of Fabry-Perrot interferom-
eter. It is described by the Airy function.

1
4R cin2ma’
(]_R)zsm ¥

A(V) = Amax )

where 4 is the difference of the optical ways; R the effective
refraction coefficient of mirrors.

Eq. (1) is an inverse ill-posed task. Therefore the solution is not
possible directly [1-3]. In this work we performed our calculation
using Tikhonov [1,3,4] regularization method. In detail the
mathematical model for the case of spectral line real shapes
obtained is described in Ref. [5]. By this algorithm an initial, ill-
posed task (1) can be transformed to a solution of the following
matrix Eq. [1]:

A"A+oE)Y =A"f 3)

where o is the parameter of regularization, A; the elements of
N x N size matrix A, which approximates kernel K(x,x), fi-vectors
the column with initial dates, Y;-vector the column of solution.
The motion of the atoms in accordance to the Maxwell low is
isotropic in the space and thus the width at half of maximum
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(FWHM) corresponds to the Doppler effect. That is why the
temperature of the radiating atoms can be obtained by the
following expression [6,7]:

H 2
T (7.16 x 1077 vp)? Avp @
where T is the absolute temperature of the emitting atoms, u the
atomic mass, vg the position of the scale of the frequencies when
the Gauss function reaches its maximum value and Avp the
FWHM of Gaussian function.
The self-absorption in the lamp was taken into account using
the following expression [6]:

1 T

where kol is the optical density, | the optical way, S(kol) the
Ladenburg-Levi function. All calculations were made for the Hg
253.7nm line (63 P; —6! S transition).

4. Results and discussion

The measured profiles were processed in two stages, before
temperature estimation. First of all, the deconvolution procedure
or solving of this (Eq. (1)) ill-posed inverse problem by means of
the Tikhonov’s regularization method was performed to obtain
the real spectral line shape. After that, the influence of the self-
absorption was taken into account (Eq. (5)).

In Fig. 1 we can see the influence of the instrumental function
and self-absorption to the FWHM of the measured spectral line
profiles. In the case of the 253.7 nm line, emitted from the HFEDL
with 10Torr Ar, the FWHM of the measured (experimental)
spectral lines were in the range of 0.15-0.20cm~!, but real
FWHM were obtained to be in the range of 0.1-0.15cm ™! after
deconvolution and in the range of 0.048-0.066cm~! taking into
account the absorption influence.

Examples of the experimental dependence of the FWHM from
the generator current and the influence of the instrumental

= experimental
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Fig. 1. The FWHM of the experimentally registered Hg 253.7 nm line profile
(squares) and the FWHM of the results after deconvolution by means of the
Tikhonov regularization method (circles) and after deconvolution taking absorp-
tion into account (triangles) in dependence on the generator current. The Ar
pressure was 10 Torr.

function and self-absorption to it in case of the 253.7 nm line
emission from the HFEDL with 2 Torr Ar are shown in Fig. 2.

In case of Ar pressure of 2 Torr the FWHM of the experimental
as well as the obtained real profiles are practically independent
from the generator current. The estimated FWHM of the real
profiles in average is broader by Ar pressure of 2Torr in Hg
HFEDL: about 0.14 cm ™! after deconvolution and about 0.07 cm~!
taking absorption into account.

Temperatures of the radiating atoms, estimated by Eq. (4) of
the deconvoluted real spectral line profiles, taking into account
the influence of the absorption are shown in Figs. 3 and 4. In Fig. 3
are shown the dependences of the temperatures from the
discharge current for the case when Ar pressure was of 10Torr.
Clear maximum of dependence can be seen by 140-150 mA. The
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Fig. 2. The FWHM of the experimentally registered Hg 253.7 nm line profile
(squares) and the FWHM of the results after deconvolution by means of the
Tikhonov regularization method (circles) and after deconvolution taking absorp-
tion into account (triangles) in dependence on the generator current. The Ar
pressure was 2 Torr.
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Fig. 3. The temperature of the radiating atoms dependence on the discharge
current. Ar pressure was 10 Torr.
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Fig. 4. The temperature of the radiating atoms dependence on the discharge
current. Ar pressure was 2 Torr.

temperature varies from approximately 600-1700K as a function
of discharge generator current.

The results of the dependences of the temperatures as a
function from the discharge current for the lamp with Ar pressure
of 2 Torr are shown in Fig. 4. In this case the temperature of the
radiating atoms is in the range of 1400-1500K.

The tendencies of clear maximum appearance in the depen-
dence FWHM from discharge current at the Ar pressure of 10 Torr
and independence from discharge current at 2 Torr agree well
with the previous results [8]. In that case the estimated FWHM of
Hg 253.7 nm spectral line was obtained by another method, the
mathematical modeling, described in Refs. [8,9]. This model is
based on nonlinear multiparameter fitting procedure of the model
profile to an experimental profile by varying the unknown
parameters [8,9]. Model profile includes basic factors causing
the spectral line broadening in a low-pressure discharge: Doppler,
resonance, natural and collision broadening. Hyperfine splitting
and shifts of the components due to the isotope effects are taken
into account. The radiation trapping is accounted by means of the

one ray approximation. The resulting profile is a convolution of
the self-absorbed Voigt profile and the instrument function.

5. Conclusion

In this paper are presented the results of solution of the ill-posed
inverse problem by means of the Tikhonov’s regularization method
in case of Hg 253.7 nm spectral line (6> P; —6' S transition) and
discharge temperature estimation. In case of Ar pressure of 10 Torr,
the real FWHM is obtained to be in the range of 0.1-0.15cm ' after
deconvolution and in the range of 0.048-0.066cm ™! taking into
account the absorption influence. The temperature varies from
approximately 600-1700K as a function of discharge generator
current. When Ar pressure was of 2 Torr, the estimated FWHM of the
real profiles in average is 0.14cm™! and about 0.07cm™! taking
absorption into account. The temperature of the radiating atoms is
in the range of 1400-1500K. The estimated results show a good
agreement with previous calculations by means of a nonlinear
multiparameter y2 fitting procedure.
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Abstract. We present our investigation of narrow spectral lines, emitted from microsize
mercury/xenon electrodeless light source in magnetic field. The spectral line shapes
were registered by the Fourier transform spectrometer and deconvoluted by means of a
regularisation method. Two approaches were used to obtain the regularisation
parameter. The plasma temperature and magnetic field intensity were obtained.

Key words: electrodeless light sources, microsize light sources, line shapes, Zeeman
Effect, inverse problem, Tikhonov’s regularisation method, calculated real
line shape, low-pressure plasma temperature, regularisation parameter,
instrumental function of the Fourier transform spectrometer.

1. INTRODUCTION

Our research is devoted to the preparation and optimisation of special type of
electrodeless light sources for their use in different scientific devices [1]. Such light
sources can be used in atomic absorption devices or as standards. Due to recent
trends of miniaturisation, there is a need to find out right methods of diagnostics
for small scale plasmas. In this paper we show our experience of diagnostics of
micrometer size capillary lamps by means of spectral line shape measurements
with Fourier transform spectrometer (FTS). Since the capillary sources emit very
narrow lines, it is a challenge to get information about the form of spectral lines,
though it is important for application of the lamps in high precision experiments.

In our previous research we did experiments of line shape investigation with
such devices as Fabry Perrot spectrometer [2] and Zeeman scanning spectrometer
[3, 4]. However, these methods have several restrictions and are not applicable for
microsize light source diagnostics. FTS are becoming more and more widely used

" Paper presented at the 16" International Conference on Plasma Physics and Applications,
June 20-25, 2013, Magurele, Bucharest, Romania.
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in different experiments, where very high precision, especially in the IR spectral
range, is needed. Though the light sources under investigation are used mainly in
UV and visible spectral region, FTS can be used in this case too. The broadening
of lines emitted from the capillary lamps is on the same order as the instrument
function of FTS.

In this work we present investigation of the influence of FTS instrument
function on spectral line shapes, used for diagnostics of capillary light sources. The
method of diagnostics consists of obtaining the measurements of line shapes and
following retrieval of the calculated real line shape from experimental shapes by
means of the Tikhonov’s regularisation method. In [5, 6] we reported the first
results for capillary light source filled with mercury and buffer gases. Different
emission properties were observed depending on the working position of capillary.
In [7] the method of imaging and tomography was used to investigate this
phenomenon. Detailed investigation of the influence of approximation of the
instrument function of FTS was done in this work. In addition, two methods for
finding the regularisation parameter were applied.

2. EXPERIMENTAL

The capillary lamps under investigation were manufactured at the Institute of
Atomic Physics and Spectroscopy in Riga. The length of the capillary was of 2 cm
and the discharge size was of 500 pum in radius (Fig. 1a). A Fourier transform
spectrometer is basically a Michelson interferometer. Beam splitter is used in this
type of interferometer to divide an incoming light beam in two parts. The first part
is reflected on a fixed mirror, whereas the second part is reflected on a mobile
mirror. The two beams are recombined at the beam splitter and shone on a detector.
The principal scheme is shown below (Fig. 1b).

Lightsource Mobile mirror
7}
2
8 Lens S
2 < > < >
N & n
()
@
[=3
5 3
L 3
2 < > <+ > ]
3 8 .
R — Beamspliter
Lo o
2
~ Y Lens Y
i
d ) b ) Interferogranun Spectral profile

Fig. 1 — a) Design of the capillary electrodeless light source; b) Scheme of Fourier transform
spectrometer as a Michelson interferometer.
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At the end of capillary the lamp contains small reservoir for metal vapour.
The discharge is ignited in the capillary part of lamp. In this case the lamp was
filled with xenon of 2 Torr partial pressure and mercury isotope 198. The reservoir
at the end of lamp is used as a cold spot to control the metal vapour pressure in
lamp [8]. In this experiment the mercury isotope pressure was of 0.003 Torr [9].
The lamps were capacitatively excited using 100 MHz frequency applied to
external electrodes. The lamps were operated in three different positions in
accordance to the Earth plane, namely, horizontally, vertically with Hg reservoir
up, and vertically with Hg reservoir down. The lamps were placed in magnetic
field to observe Zeeman splitting, as necessary for their application in Zeeman
Atomic Absorption Spectrometry (ZAAS). Magnetic field was perpendicular to the
axis of capillary and the direction of observation was parallel to the magnetic field
lines.

Spectral lines, emitted from Hg/Xe high frequency microsize capillary lamp,
were measured using Fourier Transform spectrometer Bruker IFS-125HR, capable
of registering lines in the wavelength region 330-2000 nm. We analyse the 404.7 nm
Hg spectral line in this paper in detail. The examples of experimental
measurements of the 404.7 nm line in three different working positions are shown
in Fig. 2. As clearly can be seen in Fig. 2, the most intensive lines were obtained
when the lamp was operated vertically, especially with the reservoir up. The
smallest intensity was observed when the lamp was operated horizontally. This
effect was observed in our previous research too, where we found that there is a
difference between the distributions of atoms in different working positions [7].

600

] Hg capillary, 404,7 nm

horizontal
vertical, up
vertical, down

500
400
300

200

1 Jl

-100

Intensity, rel.un.

T T T T T T T T T T T T T T T T
24703,5 24704,0 24704,5 24705,0 24705,5 24706,0 24706,5 24707,0 24707,5
Wavenumber, cm”
Fig. 2 — Example of experimentally measured Hg 404.7 nm line. The line was emitted from Hg/Xe

capillary light source placed in three different working positions: horizontally (black line), vertically
with Hg reservoir up (red line), and vertically with Hg reservoir down (green line).
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3. THEORY

3.1. TIKHONOV’S REGULARISATION

For high precision spectroscopy it is necessary to retrieve the calculated real
spectral line shape from the spectral line shape measured experimentally. The
Fredholm first kind integral equation describes the convolution of real spectral line
profile, measured (experimental) spectral line profile, and instrumental function:

IA(x,s)y(s)ds=f(x), c<x<d, (1)

where: f(x) — measured spectral line profile; y(s) — calculated real spectral line
profile; A(x,s) — instrument function.

To retrieve the calculated real spectral line profile from experimental one
without the instrumental function, it is necessary to solve the inverse ill-posed
problem. Tikhonov’s regularisation algorithm [10, 11] is one of the most useful
tools for solving the task where small experimental uncertainties can cause large
deviations in the solution.

Assuming, that the values on the right side and integral equation (1) kernel
are known with accuracy:

|7-1], <
T @
|[4-4]<z

where 9§ is the error of right part of (1) or the error of experimental f(x) profile,
& is the error of kernel of (1) or the error of instrument function 4 (x, s) , Tikhonov

proved, that the initial, ill-posed task can be transformed into a task of searching
for the minimum of smoothing functional:

M, [y.f|=inf M, [y.]]. 3)

where: smoothing functional M [ ¥, f ] , so called Tikhonov’s functional, is given

in the form:
M, [ . 7)=|av- 7] +oQlyl. )

stabilising functional ©Q is described by the following expression:
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oly]=[u; 5)

~ ~11 2
where: o >0 —regularisation’s parameter; number HAy -f H discrepancy.
F

According to Tikhonov’s method, instead of the initial ill posed problem,
which is described by Fredholm integral equation of first kind, we get well posed
task, which is described by Fredholm integral equation of second kind, which after
changing the integrals to finite sums can be written as the system of linear
equations:

N N N
Zbi megmkgmi yl + ayk :me‘imk‘]’;m’ kzl’_N (6)
i=1 m=1 m=1
or as matrix equation:
(21*21+aE)Y=21*f, (7)

where 4;; — elements of N x N size matrix 4, which approximates kernel K(x,x);
fi — vectors-column with initial dates; y; — vector-column of solution; b; — the
coefficients of quadrature formula .

The mathematical model in detail is described in [4], in which Zeeman
Scanning spectrometer was used for the registration of spectral lines.

3.2. REGULARISATION PARAMETER

It is well known, that the finding of regularisation parameter is crucial for
application of Tikhonov’s regularisation method. Two independent methods were
used in this work to obtain the regularisation parameter o

1) the minimisation of discrepancy [11]:

~|| 2

|y, - 7|

2

; (®)

L,

Ay, - f

= min
2 o

2) the Kojdecki method [12]. According this method a is root of equation:
|y, =BlIAN(5+E] v.])- ©)

In this work a was obtained from (9) in supposition that the error of kernel
& = 0. The coefficients were chosen as ¢ = 0 and = 1. Variance of the errors of

measured line 1s 0.017.
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3.3. INSTRUMENT FUNCTION FOR FOURIER TRANSFORM
SPECTROMETER

To obtain the calculated real profile from measured spectral profile by means
of regularisation, it is necessary to know the instrument function very accurately.

First, we used an experimentally measured He spectral line of 632.8 nm
wavelength emitted from the single mode He/Ne laser as a data array for
instrument function matrix 4 in the formula (7) for deconvolution without any
approximation, but it led to false maximums, especially in the far wings of the profile.

Second step was to test the instrument function given by the theory of Fourier
transform spectrometry [13, 14], causing restrictions of the resolution of the device
due to the limited optical path difference in the Michelson interferometer inside the
Fourier transform spectrometer:

I(x)=2Lmod {sinc[2n(x, — x)L]} (10)

where L — difference between lengths of two optical paths (optical path difference).

As we can see, usage of this function gives a lot of negative values and also
false beats in the wings, where no real maxima can be present [14].

Afterwards we performed approximations of the instrument function trying to
fit it with several known peak functions, for example, Voigt, Gauss and Lorentz
functions.

The Voigt function was written in the form:

©
—t2

2In2 w e
y=yo+ATSE | . _dr,  (11)
2 - _
e (JlnzwL] +£\/41n2x x"—z]
W W

where w, is full width at half of maximum (FWHM) of Lorentz function, w, is

FWHM of Gauss function, 4 — area, x. — frequency at the line centre.
The Lorentz function was written in the form:

y=y0+2Aw/(4n(x—xv)2+w2), (12)

where w — the FWHM of the line.
The Gauss function:

e v, (13)
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where w — FWHM of the Gauss function.

Figure 3 shows the respective fitting results for the experimental instrument
function (He laser line). We can see the experimental instrument function and its
approximation with the Voigt function (fitting parameters are: the FWHM of
Gaussian part og is of 0.02926 (0.02012) cm™, the FWHM of the Lorentz part o,
is 0f 0.02926 (0.01854) cm™); the fit to the Lorentz function (fitting parameters are:
the FWHM o, is of 0.02862 (0.00341) cm™), and the fit to the Gauss function
(fitting parameters are: the FWHM oy is of 0.03974 (0.00247) cm™).

Instrument function

404 Gauss fit of instrument function

—— Lorentz of instrument function
Voigt fit of instrument function

30 4

20

-20

T T T T T 1
15797.0 15797.5 15798.0 15798.5 15799.0 16799.5
1lem

Fig. 3 — The experimentally measured instrument function (black line) of the Fourier transform
spectrometer Bruker IFS-125HR and its approximation: the Voigt function (green line);
the Lorentz function (blue line); the Gauss function (red line).

The best fitting results were obtained for the fitting with the Lorentz function
(FWHM of 0.03 cm™), so we decided to use it for further tests.

In Fig. 4 the examples of deconvolution are shown when the instrument
function was taken as a data array (blue line), Lorentz function (red line) and as a
function described by Eq. 10 (green line). Figure 4 shows the deconvolution
example for the measured 546 nm Hg line, emitted from Hg/Ar lamp without
magnetic field. The example clearly demonstrates the case when the self-
absorption dip in the centre of spectral line is covered by the instrument function.

The comparisons in figures below clearly demonstrate that the deconvolution
procedure in cases, when instrument function was taken in a form of raw data, or as
a theoretical instrument function described by equation (10), gave very noisy
solutions on the wings of profiles. Also, this test illustrates that the best
approximation of instrument function was its approximation with the Lorentz
function.
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Intensity,rel.un.

-02

0.8+

0.6 4

0.2 4

0.0+

measured_Hg546nm

calculated_Instrument function-Lorentz

calculated_Instrument function-data

calculated_Instrument function-expression(10)
M

A
1A

T T T T T
18306.80 18306.88 18306.96 18307.04 18307.12

Wavenumber,cm '

Fig. 4 — The example of the measured Hg 546 nm spectral line (black line) and calculated real lines
in the case, when instrument function was taken as a data array (blue line), Lorentz function (red line)
and as a function described by Eq.10 (green line). Line was emitted from Hg/Ar lamp without

magnetic field.

4. RESULTS AND DISCUSSION

Figures 5a and 5b show the results for the vertical lamp operation, with Hg
reservoir up and Hg reservoir down, respectively. All experimental lines were
normalised for the line shape calculations and deconvolution. The line is split due
to the Zeeman effect into one non-shifted = component and two 6 components. The
deconvolution was done using two independent methods Eq. (8) and Eq. (9) for
finding the regularisation parameter.

Intensity, rel.un

experimental Hgd04. 7Tnm
calculated by Kojd.m.
calcutated by diser.min,.m

|

|

a)

T
24704 8

T
247052

Wavenumber,cm '

T
247056

T
247060

Intensity, rel.un

experimental Hg404.7nm
calculated by Fojd.m
calculated by discr.min..m.

|
|

b)

T
4704 8

T
247052
Wavenurmber,cm |

T
247056

T
247060

Fig. 5 — Measured and deconvoluted Hg 404.7 nm profiles: green line — experimental profile; blue
and red lines — calculated real profiles, obtained using discrepancy minimization method for the
getting of the regularisation parameter, and method when a is root of Eq. (9), respectively. a) Lamp
was operated vertically with Hg reservoir up; b) lamp was operated vertically with Hg reservoir down.
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After the deconvolution we performed Gauss fit to the calculated real lines,
using expression (13).

In the Table 1 we can see the values of the full width at half of maximum
(FWHM) of the Gauss profile. The values are shown for the Hg 404.7 nm emission
line for vertical position of the lamp. The results of the solutions are shown for
both methods of finding the regularisation parameter.

Table 1

The results of the deconvolution: the FWHM of the calculated real line shapes from the Gauss fit to
the calculated real profiles for the Hg 404.7 nm emission line for both vertical positions of the lamp

FWHM(cm™) after

Gauss fit Peak 1 Peak 2 Peak 3 Lamp position
Experimental 0.05020 0.03148 0.04746
Real calculated 0.03541 0.03892 0.03437 Vertically, with

(discr.min.met.) Hg reservoir up

Real calculated

(Kojdecki met.) 0.02893 0.02901 0.02826

Experimental 0.05072 0.03176 0.05036

Real caleulated 0.03518 0.02720 0.03539 Vertically, with
(discr.min.met.) Hg reservoir down
Real calculated 0.02873 0.02946 0.02903

(Kojdecki met.)

Both methods give credible results. However, we can observe that the
Kojdecki method gives smaller values of the FWHM of the calculated real line
shape than discrepancy method. It can be explained by the fact that the method
proposed by Kojdecki strongly depends on errors of measurements and
instrumental function. For application of the discrepancy minimization method it is
necessary to know only the instrument function. We can also observe that the
signal for the horizontal lamp position is very weak (see Fig. 2); therefore, the
results of calculations for this working position were not taken into account for
temperature estimation.

The motion of atoms in accordance to the Maxwell law is isotropic in the
space, and therefore the width at half of maximum (FWHM) corresponds to the
Doppler effect. Thus, the temperature of radiating atoms can be obtained by the
following expression [15, 16]:

T= H _Ax2, (14)
(7.16x10 7 x,)

where T is the absolute temperature of emitting atoms, @ — the atomic mass,
xo — the position of the scale of the frequencies, when the Gauss function reaches
its maximum value, and Axp — the FWHM of Gaussian function. The average
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calculated temperature value of radiating atoms is of 653.5 K, which is in good
agreement with our initial calculations [5]. The relative error is 19%. No clear
evidence of the temperature changes in different working positions was found. In
addition, the magnetic field intensity was calculated from the Zeeman splitting of
the spectral lines. The separation of the components Ax is dependent on the
intensity of magnetic field H:

Ax=——H. (15)

Here e and m stands for charge and mass of electron, ¢ — speed of light. Using
this formula, we get the value of 4016 oersted (3.1958-10° A/m) for the intensity of
magnetic field. Further investigations are necessary to estimate the role of magnetic
field inhomogeneity on the broadening of the line shapes.

5. CONCLUSION

In this paper we report the investigation of narrow multiple line shapes by
means of the Fourier transform spectrometer. The lines were emitted from
microsize capillary Hg/Xe discharge lamps, placed in magnetic field. Line shapes
were deconvoluted from instrument function by means of the Tikhonov’s
regularisation method. Detailed analysis of the instrument function of the Fourier
transform spectrometer was performed, leading to the conclusion that the best
approximation for regularisation method was approximation with the Lorentz
function. We proved the possibility to obtain the regularisation parameter by two
different ways; however, more statistical data are necessary for the usage of
Kojdecki method. The calculated temperature value of radiating atoms is of 655 K,
which is in good agreement with our initial calculations [5]. Further research is
necessary to understand the influence of operation position and magnetic field on
the processes in the capillary discharge plasma.
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ABSTRACT

In this work we present measurement and results of the deconvolution of the Hg 253.7 nm spectral line shapes, emitted
from the mercury isotope high-frequency electrodeless discharge lamps, made at the Institute of Atomic Physics and
Spectroscopy for the use in Zeeman Atomic Absorption Spectrometry. The emission line profiles of 254 nm Hg
resonance line have been measured by means of a Zeeman scanning spectrometer at the mercury cold spot temperature
value at 20 deg C. Then the deconvolution procedure or solving of this ill-posed inverse problem by means of the
Tikhonov’s regularization method [1] was performed to obtain the real spectral line shape.

Keywords: high-frequency electrodeless discharge lamps; Mercury 253.7 nm, absorption spectroscopy; deconvolution,
Tikhonov regularization

1. INTRODUCTION

Light sources, based on high-frequency or radio-frequency electrodeless discharge are widely used for the atomic
absorption analysis (AAA). Our research is connected with the preparation and diagnostics of new performance of high
frequency electrodeless light sources (HF-EDLs), filled with different elements for their use in scientific devices [2].
Special attention is paid to the investigations of mercury and mercury isotope HF-EDLs, and their optimization for the
use in atomic absorption analysis. Exploitation of Hg HF-EDLs in AAA demands specific conditions with taking into
account lamp design, radiation, working time and other characteristics. In AAA high a quality emission line profile is
needed. Therefore the high-resolution spectral line profile measurements and optimization of the lamp characteristics is
necessary [3].

Zeeman Atomic Absorption Spectrometry (ZAAS) is a very sensitive method to determine mercury concentration in the
environment. One of the core elements in the spectrometer is a mercury spectral lamp. To reach ambitious limits of the
detection (for example, 1-2 ng/m3 for the mercury concentration in the air), the spectral lines used for the absorption has
to be very narrow and without self-absorption.

Information about mercury 253.7 nm resonance line is important also in fluorescent lamp technology where
mercury/argon discharge is used. Data about resonance lines structure in dependence on the cold spot temperature can
be used not only for the lamp diagnostics but also for the validation of different type of calculations and models,
considering radiation trapping [4].

In this work we have performed measurements of the 253.7 nm spectral line profile emitted from the natural Mercury
and Mercury isotope high-frequency electrodeless discharge lamps by Zeeman spectrometry and recovering
(doconvlution) of the real spectral line shape by means of Tikhonov’s regularization method .

The measured line profile is distorted by the instrument function of the spectrometer. The instrument function can cover
detailed structure of the spectral line, like the dip in the line centre caused by the self-absorption (self-reversal) and
characterising the radiation trapping. To detect the quality of the spectral line shapes, emitted from the lamps, it is
necessary to deconvolute the instrument function from the measured spectral line.
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To perform the restoring of the spectral line shape, preliminary information about instrument function of the
spectrometer is necessary.

2. EXPERIMENTAL

In this work we have investigated HF electrodeless light sources of special type, manufactured at the Institute of Atomic
Physics and Spectroscopy. The lamps are filled with mercury of natural abundance or with pure isotope Hg 198 and
buffer gas argon of about 2 Torr pressure(Fig.1).

Fig.1. HF electrodeless discharge lamp.

The experimental set-up is shown in Fig. 2[5]. The working principles of spectrometer are following: radiation from the
Hg light source (1) passes through a polarizer (2), where it has been separated into 6° and 6~ components. After that, in
order to use the Zeeman scanning for the analysis of emission lines, one component has to traverse the same metal
vapour cell(3). The mercury absorption line is separated due longitudinal Zeeman effect in the magnetic field of the
electromagnet(4). The separation is proportional to intensity of magnetic field:

Av=——Cp (1.4)
4rc m
Or, in wavelength scale:
]. e 2 —
AM=—|=|228. (1.5)
e\ m

By scanning of the magnetic field intensity using block (6), the distance between the separated lines is changing as
shown in formula (1.5). When absorption line of Hg cell coincidences with the radiation line, emitted from the lamp, the
level of lighting of photodetector (5) gets low. It allows registering the spectra of investigated lamp. The Holl
detector(7) is applied for the scale obtaining.

The advantage of Zeeman spectrometer in comparison with commonly used Fabry-Perot interferometer [6] is quite
narrow instrument function. The instrument function is given by the absorption spectral line profile, determined by the
Doppler broadened profile for mercury vapour temperature in the absorption cell, in our case at the room temperature of
20 deg.C (0.046 cm™) .

Proc. of SPIE Vol. 7142 71420J-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 11/05/2014 Terms of Use: http://spiedl.org/terms



(4)Elektromagnet

(1)Lamp
(3)HG vapor cell
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Fig.2. Experimental set-up of Zeeman spectrometer

3. THEORETICAL APPROACH
The measured (experimental) spectral line f'(x) is a convolution of the real line profile y(x) of emitted spectral line

and instrument function A4 (x, s) It can be described by Fredholm first kind integral equation [1,7,8]:

j A(x,s)y(s)ds = f(x), c<x<d, (1)

where: a, b and ¢, d the limits of the real and measured (experimental) profiles accordingly. Usually they are chosen
such, that a=c and b=d.

To obtain the real spectral line shape it is necessary to solve an inverse ill-posed by Hadamard task (1) where small
experimental uncertainties can cause large deviations in the solution. The solution of such problem is not possible
directly [8]. For ill-posed problems in classical sense, the successful usage of the different methods of solution

are shown [9]. Some authors use Fourier transform and regularization method [10]. In this work we performed our
calculation using Tikhonov regularization method. [1,8,11].

Tikhonov’s regularization algorithm is one of the most useful tools for solving the task where small experimental
uncertainties can cause large deviations in the solution [12,13].

He proved that an initial, ill-posed task can be transformed to a task of the minimum searching of the smoothing
functional:

[ 7] =ing . [0 o

Assuming, that values of the right side and integral equation (1) kernel are known with accuracy:
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|7-1], <5

. (3)
Ji-a=e

where O is error of right part of (1) or error of experimental f'(x) profile , & is error of kernel of (1) or error of

instrument function A (x, S) )

Smoothing functional M , [ ¥, ]7 ] so called Tikhonov’s functional, is given in form:

- ~ ~I2
M, [y, 7] =[4r-7{, +e[y], (4)
~ ~I12
where & > 0 -regularization’s parameter; number—‘ Ay—f ‘F - discrepancy.
Stabilizing functional Q is described by following expression:
2
Qy] =¥, )

As the result of minimization (4) in case when ) € VV; and f € L, taking into account norm definitions in these

Spaces:

(6)

instead of ill-posed first kind integral equation (1), we get the second kind integral equation:

a(ya (t)—qya" (t))+ik(t,s)ya (s)ds = F(t) te [a,b], (6)

where:

(7)

Changed integrals in (6) to finite sums we obtain the system of lineal equations:

ﬁ:bi (ibm/]mk/]mij y.+ay, = ibm/]mk f, k=LN (8)

i=l m=1 m=1

or matrix equation

(4 A+aE)y=4f (9)
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where, rae 4; — elements of N xN size matrix 4, which approximates kernel K(x,x ); f; — vectors— column with initial
dates ; y; —vector — column of solution, b;.- the coefficients of quadrature formula .

In this work the solution was implemented in Math Cad (was used numerical algorithm of conjugate gradient) and
Delphi (was used numerical algorithm of Brent) for case when ¢ = 0 (zero order of regularization).
Regularization parameter o is determined using the minimization of discrepancy:

2 2

|4y, — 7], =min|dy, 7], (10)
and by Kojdecki method [14]. According this method . is root of equation:
0 |4 Ay, - A7 =B A1 +n] va]) (an
or assumed (9):
a ! v, =BIIANI(5+n]y.]) (12)

In this work o was obtained from (12) in supposition, that error of kernel 77 =0. The coefficients were chosen as g=0
and P=1. Variance of errors of measured line is 0.13.

4. RESULTS AND DISCUSSIONS
4.1. HF- ED lamp filled with natural Mercury mixture.

The natural mixture of Hg consists of seven isotopes, which gives the five resulting components in the spectra of the
253,7 nm line. In Fig.3 we can see measured 253,7 nm line profiles emitted from HF-EDL filled with natural mixture of
Hg isotopes registered at the moment of switching the lamp (Fig.3a)and after 5 minutes of its operating (Fig.3b). Such
investigation is necessary to obtain the lamp warming-up time. The lamp was operated with the HF electromagnetic field
of about 100 MHz frequency and the discharge current was of 0.1 mA. In both figures, the deconvoluted real line profile,
using Tichonov’s regularisation method is shown as well.

As we can see, the total width of the 253,7 nm line profile, emitted from the natural Hg lamp, is quite broad- the total

width of such line is about 0,8 cm™. Thus it can not be used for ZAAS, because this method needs very narrow spectral
line to reach high sensitivity. Therefore we consider Mercury lamp filled with only one isotope.
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Fig. 3. The measured and deconvoluted line profiles emitted from HF-ED lamp filled with natural mixture of Hg ( at
time moment of ignition, (a) and after Smin of working (b))

4.2. HF- ED lamp filled with pure isotope Hg 198.

On the Fig.5. we can see measured line emitted from Hg HF-EDL filled with pure isotope Hg 198 (92.8%) and buffer
gas argon of about 2 Torr pressure.
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Fig. 4. The measured line profile emitted from HF-ED lamp filled with pﬁre isotopé Hg 198 (92.8:%)) and bui"%er gas argon of about 2
Torr pressure.

Results of the deconvolution of the right and left components are shown at Fig. Sa and Fig. 5b accordingly.

In this case parameter of regularization was determined by two ways. Using the minimization of discrepancy (10)
and by Kojdecki (12).
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— e« —real from solving the ill-posed inverse task (method 1)
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Fig.5(a). Measured and deconvoluted line profiles (right component) emitted from HF-ED lamp filled with pure isotope Hg 198
(92.8%) and buffer gas argon of about 2 Torr pressure. The solution by second method (formula(12)) was implemented in Delphi
using algorithm of Brent (0=2.61318652730945E—-5)and in Math Cad using algorithm of conjugate gradient (a=3.745E-5). The

regularization parameter obtained in Mathcad from minimization of discrepancy is 1.664E-5. (Accuracy E-7).
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Fig.5(b). Measured and deconvoluted line profiles (left component) emitted from HF-ED lamp filled with pure isotope Hg 198
(92.8%) and buffer gas argon of about 2 Torr pressure. The solution by second method (formula(12)) was implemented in Delphi
using algorithm of Brent (¢=2.25700219881838E-5) and in Math Cad using algorithm of conjugate gradient (¢=3.253E-5). The
regularization parameter obtained in Mathcad from minimization of discrepancy is 2.068E-5. (Accuracy E-7)

The parameters of regularization determined for both components are shown in the table 1:

Table 1. The parameters of regularization determined for both components, using two different methods and two
algorithms for numerical calculation

Method Right component Left component
Minimization of discrepancy 1.664E-5 2.068E-5
By Kojdecki(MathCad) 3.745E-5 3.253E-5
By Kojdecki(Delphi) 2.61318652730945E-5 2.25700219881838E-5

The waves observed in the left side wing of the obtained real spectral line profile in Fig.5 are due to the difficulty to
stabilise the solution for the given level of errors of experimental data. The experimental profiles, shown in Fig.4, are
very narrow, with very sharp increase and decrease of signal and this gives quite high level of uncertainty of numerical
experimental. Nevertheless, from the obtained lines we can see that the doconvoluted profiles have larger dip in the line
centre than the experimental ones. The centre of the spectral line profile is also the most interesting part for the
deconvoluted spectral line for AAA, because the dip in the line centre shows that the self-absorption is present. In
general good agreement can be observed between the deconvoluted real spectral line profiles using different methods of
obtaining the regularisation parameter.

S. CONCLUSION

In this work we present measurement and results of the deconvolution of the Hg 253.7 nm spectral line shapes, emitted
from the Mercury isotope high-frequency electrodeless discharge lamps, filled with the natural and pure isotope filling.
The measurements was performed Zeeman atomic absorption spectrometry and the deconvolution from the instrument
function was done by the Tikhonov regularization method. Good agreement of deconvoluted real spectral line profiles is
reached using two different ways of obtaining the regularization parameter.

Proc. of SPIE Vol. 7142 71420J-8

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 11/05/2014 Terms of Use: http://spiedl.or g/terms



(1]

[2]

[3]

[4]

[5]

(6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

ACKNOWLEDGEMENTS

This work was partly supported by the European social fund and Latvian Council of Science grant Nr. 05.1866.

REFERENCES

Tikhonov A., Goncharski A., Stepanov V., Jagola A., [Numerical solution’s methods of the ill-posed problem],
Nauka, Moscow, 5-231 (1990).

Revalde G., Silinsh J., Spigulis J., Skudra A., “High-frequency electrodeless ligh sources for application”,
Proc.SPIE 4318, 78-83 (2000).

Ganeev A., Gavare Z. et all, “High-frequency electrodeless discharge lamps for atomic absorption”, Spectrochemica
Acta, B 58, 879-889 (2003).

Rajaraman K., Kushner M. J., “A Monte Carlo simulation of radiation trapping in electrodeless gas discharge
lamps”, J Phys D, 37,1780-1791 (2004).

Vasiljev O., Kotkin A., Stoljarov D., Chopornjak D., Umorhodzhajev R., “ High-frequency electrodeless light
sources”, Acta Universitatis Latviensis, 573, 105-110 (1992).

Revalde G., Berzina D., Lhevkovski V., Luizova L., Putnina S., Reppo P., et al., “ The automatic spectrometric
complex for spectral line profile measurements”, J Appl Spectrsc, 56, 681-686 (1992).

Lebedeva V., [The technique of the optic spectroscopy], Moscow university, Moscow, 353-364 (1977).

Tikhonov A., Arsenin V., [The solution’s methods of the ill- posed problem], Nauka, Moscow, 9-285 (1979).

Verlan F., Sizikov V., [The integral equations: the methods, algorithms, program], Naukova Dumka, Kiev, 223-321
(1986).

Xiang-Tuan Xiong, Chu-Li Fu, Hong-Fang LiJ, “Fourier regularization method of a sideways heat equation for
determining surface heat flux”, Math Anal Appl, 317, 331-348 (2006).

Groetsch C. W., [The theory of Tikhonov regularization for Fredholm equations of the first kind], Pitman, London,
3-100 (1984).

Rajan M. P., “An efficient discretization scheme for solving ill-posed problems”, J. Math. Anal. Appl., 313, 654—
677 (2006).

Revalde G., Skudra A., Zorina N., Sholupov S., “Investigation of Hg resonance 184.9nm line profile in a low-
pressure mercury—argon discharge”, JQSRT, 107, 164—172 (2007).

Kojdecki M.A., “New criterion of regularization parameter choice in Tikhonov's method “, Biuletyn WAT (Biul.
Mil. Univ. Technol.), 49(1), 47-126 (2000).

Proc. of SPIE Vol. 7142 71420J-9

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 11/05/2014 Terms of Use: http://spiedl.or g/terms






IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Diagnostics of capillary light sources by means of line shape measurements and modeling

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2012 J. Phys.: Conf. Ser. 397 012070
(http://iopscience.iop.org/1742-6596/397/1/012070)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 85.254.232.49
This content was downloaded on 16/01/2014 at 09:03

Please note that terms and conditions apply.



iopscience.iop.org/page/terms
http://iopscience.iop.org/1742-6596/397/1
http://iopscience.iop.org/1742-6596
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

XXT International Conference on Spectral Line Shapes (ICSLS 2012) IOP Publishing
Journal of Physics: Conference Series 397 (2012) 012070 doi:10.1088/1742-6596/397/1/012070

Diagnostics of capillary light sources by means of line shape
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Abstract. In this work the Hg visible triplet spectral lines were measured by means of Fourier
Transform spectrometer and deconvoluted by Tikhonov’s regularisation method and line shape
modelling. The lines were collected from Hg/Ar and Hg/Xe high frequency capillary lamps. In
our previous work, the spatial plasma homogeneity of isotope Hg/Xe and Hg/Ar capillary
lamps was investigated by means of tomography. The lamps were operated in different
working positions — horizontally and vertically. In this work the spectral diagnostics of
capillary light sources by means of spectral line shape measurements and modelling is
presented to obtain plasma temperature. The results are compared with the results for spectral
line shapes emitted from the spherical light sources. The splitting of spectral lines in magnetic
field due to Zeeman effect was observed.

1. Introduction

The capillary light sources are obtained an increasing attention due to the need in compact high-
intensity light sources for different applications where narrow line sources are needed [1]. Spatial
homogeneity of the plasma and emission profile is important for the use of such light sources in
precision measurements. In addition, capillary light sources are difficult to investigate due to the small
dimensions of the source, and spectral line shapes are one of the possibilities to get useful information
about plasma properties, for example, plasma temperature.

The Hg/Ar, Hg/Xe, Hg/Kr high frequency (HF) capillary discharge lamps (figure 1) were
manufactured in our laboratory. In our previous work, the spatial distribution of atoms in Hg/Xe,
Hg/Ar, Hg/Kr spherical and capillary lamps was
investigated by means of tomography [2-4]. In [3]
the radial profiles of excited atoms showed
differences in dependence of the horizontal or
vertical operation position. To understand the
mechanisms of this phenomenon, more
information about processes in capillary lamps is
. necessary. In this work the results of spectral line
N shape diagnostics of capillary light sources are
Py i presented. The diagnostics include measurements

' of the spectral line shapes by high resolution
Figure 1. Design of the capillary electrodeless Fourier spectrometer and later deconvolution to

light source - lamp together with HF generatorget the real spectral line shapes. The real lines
shapes are modelled to estimate the plasma

Published under licence by IOP Publishing Ltd 1
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temperature and homogeneity. The results are compared with the results for spherical discharge lamps.

2. Experimental
The capillary light sources were filled with mercury isotope of 0.003 Torr pressure and argon, Xxenon
or krypton of 2 Torr pressure. The length of the capillary was of 2 cm. The discharge size was of 500
um in radius. The lamp contains spherical mercury reservoir to control the vapour pressure inside the
lamp, and it was kept at the room temperature. The lamps were operated by HF electromagnetic field
of 100 MHz frequency, capacitive coupled from outer electrodes located at the ends of the capillary
[1].

In this work the emission spectral line shapes from the Hg visible trife67P, ., transitions
(with the wave lengths Hg 404,7 nm, 435.8 nm, 546.1 nm respectively) were investigated for the
Hg/Ar and Hg/Kr capillary lamps, operated in three different positions, horizontally, vertically with
the Hg reservoir up and vertically Hg reservoir down. The spectral line profiles were registered also
from spherical lamps of 1 cm diameter for comparison.

The spectral line shapes were registered by means of the Fourier Transform specBarketer
IFS-125HR, allowing to register lines in the wavelength region 330-2000 nm. Examples of the
registered spectral line shapes are shown in figure 2.
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Figure 2. Experimental profiles of Hg visible triplet spectral lines 404.7 nm, 435.8 nm, 546.1 nm,
emitted from the capillary light source. Light source was operated in three different operation
positions: horizontally, vertically, Hg reservoir up, and vertically, Hg reservoir down. Line splitting is
due to the magnetic field in the generator.

We can see that the FWHM of the experimental lines are about 0.86Itmoase of Fourier
spectrometer the instrument broadening is on the same order as the width of real line shapes, emitted
from low-pressure capillary discharge thus the deconvolution procedure has to be performed to get the
real width without instrument distortion. The observed spectral lines are Zeeman split due to the
magnetic field in the generator where the light sources are placed. The respective nusninedof
components can be observed. Clear difference of the intensities of the spectral lines in dependence of
the operation position can be seen as already observed in our previous experiments [3].

3. Theoretical approach

3.1. Instrument function

The experimental instrument function of Fourier spectrometer is shown in figure 3. It was obtained

registering 632.8 nm line from single mode He-Ne laser. For the detailed study of separate spectral
line shapes, the influence of the approximation of instrument function of the Fourier spectrometer on
the deconvolution results was estimated. The instrument function was approximated by Lorentz
function, Gauss function, Voigt function and also the numerical data was taken for the calculations.
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The best results were received for the approximation with the Lorentz function of 0:0RV¢rM
which was used for the following calculations.
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, , , , , , transform spectrometer and its approximation
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3.2. Deconvolution method

Recovering the real spectral line profile from experimental line has always been an important problem
in the high resolution spectroscopy. To study narrow emission lines like those emitted from capillary
line sources, it is very important to deconvolute the instrument function to get the correct results for
the plasma parameters. So-called problems of reduction to an ideal spectral device can be described by
the first kind Fredholm integral equation:

b
[ A =vo)y(vo)dve= f(v), c<v<d )

Equation (1) is a convolution of an unknown real profilév,) with instrument functionA(v, vo),

wherea, bandc, d are the limits of the real and measured (experimental) profiles accordifighy)

is the instrument function of the Fourier spectrometer in our case. As well known, equation (1) is an
inverse ill-posed task, where direct solution is not possible. To obtain the real spectral line shape we
use two methods: solving the inverse non-linear problem by the Tickhonov's regularization method
[5,6] and non-linear multi-parameter modeling, described in detail in [7]. Using Tikhonov's algorithm,
the initial ill-posed task (1) can be transformed to solution of following matrix equation:

(AKA+aE)Y= AT, )
where,a — parameter of regularizatioA;ij — elements of NxN size matrix A, which approximates
kernel K(x,x ); f—vectors— column with initial dates;; ¥vector — column of solution. We use two

different methods to determine the regularization parameter — method proposed by Kojdecki [6] and
discrepancy method. After getting the real spectral line shape it was fitted to Gaussian profile. In the
low-pressure discharge the main broadening mechanism is Doppler effect due to thermal motion of
particles (the self-absorption is not present on the transitions under investigation). Thus the
temperature of the radiating atoms was calculated from the FHWM of Gaussian profile [7].

4. Resultsand discussion

Figure 4 shows the example of the experimental and reconstructed line profiles using regularisation
method. The wings of the real spectral line shape can be explained by the difficulties of the model to
stabilise the solution by higher level of experimental uncertainties.
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Figure 4. The experimental and reconstructed r Figure 5. Calculated temperature of the
Hg 404,7 nm spectral line profiles. Real line she emitting atoms in a spherical discharge in
is reconstructed by two different methods f dependence of the discharge power.
choosing the regularisation parameter — Kojde

method and discrepancy method.

For the capillary light sources, the temperature of emitting atoms was estimated to be about 600 K
what is much lower than in spherical discharge lamps. The difference in line widths in dependence of
observation positions could not be observed.

5. Conclusions

In this work we measured with Fourier spectrometer the profiles of Hg 404.7 nm, 435.8 nm, 546.1 nm
lines, emitted from isotopic Hg/Ar and Hg/Xe capillary (5060 diameter). The real spectral line
shapes were obtained by means of the Tikhonov's regularisation method and mathematical modelling.
The temperature of the emitting atoms was estimated. The calculations showed that the temperature of
the atoms in the capillary light sources was about 600 K what is much lower than in a common
spherical electrodeless discharge light source.
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Abstract: We present deconvolution of multiple narrow Zeeman split Hg lines, emitted from
Hg/Xe micro-size capillary and measured by the Fourier Transform spectrometer. The ill-posed
inverse problem was solved using the Tikhonov’s regularization method.

1. Introduction
To determine the real spectral line shape from a noisy experimental profile it is necessary to solve an inverse ill-

posed problem. In our previous works we used modeling of spectral line shapes taking into account all factors
leading to spectral line shape creation [1]. Also Tikhonov’s regularization method was applied to deconvolute an
experimental spectral line shape for components ¢ and ¢~ separately [2] and for one component without magnetic
field [3]. It was found that the method of the finding the regularization parameter is extremely important.

2. Experimental
In this work the emission spectral line shapes from the Hg visible triplet 7381—63P0,1,2 transitions (with the Hg wave

lengths of 404,7 nm, 435.8 nm, 546.1 nm respectively) were measured in magnetic field. Lines shapes were
investigated for the Hg/Xe capillary lamp, manufactured at the Institute of Atomic Physics and Spectroscopy
(University of Latvia) and operated by the electromagnetic field of 100 MHz frequency in three different positions,
horizontally, vertically with the Hg reservoir up and vertically Hg reservoir down (Fig.1). The lamp was filled with
mercury isotope of 0.003 Torr pressure and xenon of 2 Torr pressure. The length of the capillary was of 2 cm. The
discharge size was of 500um in radius.
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Fig. 1. Position of the Hg/Xe capillary lamp

Spectral lines were registered by means of the Fourier Transform spectrometer Bruker IFS-125HR, allowing to

register lines in the wavelength region of 330-2000 nm.
Deconvolution to reach the real spectral line shape (without instrument function ) was performed by means of

Tikhonov’s regularization method .
2. Theory
The measured (experimental) spectral line f (x) is described by the Fredholm first kind integral equation [4]:

j).A(X, s)y(s)ds = f(x), c<x<d, (1)

where : y(x) - real line profile of emitted spectral line; A(x,s) - instrument function; a, b and ¢, d - the limits of
the real and measured (experimental) profiles accordingly.

Obtaining of the real spectral line shape is an inverse ill-posed problem where small experimental uncertainties
can cause large deviations in the solution. The direct solution of such problem is not possible [4,5].
Tikhonov proposed the following smoothing functional:
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~ ~ ~12
M. [y. F]=[Ay=f[. +e0y] @
where « > 0 -regularization’s parameter; number- "Ay— f"i - discrepancy; Q- stabilizing functional is described by

following expression:

2
Qfy]= |yl ®)
Tikhonov proved that the initial, ill-posed task can be transformed to a task of the minimum searching of the
smoothing functional:

Ma[y,f]:inf Ma[y, f], (4)

yeY

Assuming, that values of the right side and integral equation (1) kernel are known with accuracy:

-1, <o

- , ®)
Ja-f<
where & is error of right part of (1) or error of experimental f(x) profile, & is error of kernel of (1) or error of
instrument function A(x,s), instead of the initial ill posed problem, which is described by Fredholm first kind
integral equation, we have to solve the well posed Fredholm second kind integral equation. In matrix form it can be
described by the following equation :
(A*A+aE)Y =Af, (6)

where: 4;; — elements of NxN size matrix A, which approximates kernel K(x,x); f; — vectors— column with initial

data; y; —vector — column of solution, b;.- the coefficients of quadrature formula. In detail it is described in [2].
The regularization parameter o is determined using the minimization of discrepancy:

~ ~ ~ ~112
|Ay, -1 A -fl @
The solution was implemented in Math Cad for zero order of regularization. After deconvolution the real spectral

line shapes were fitted to the Gaussian profiles and the temperature of the radiating atoms was calculated from the
FHWM of Gaussian profile [1,3].

2 .
=min
L, a

4. Results and discussion

On the Fig.2.-Fig.4 we can see the examples of the measured and deconvoluted Hg visible triplet spectral lines,
emitted from Hg/Xe high frequency capillary lamp in case when it was operated vertically with the Hg reservoir up.
For the deconvolution, the instrument function of the spectrometer was measured and approximated with the
Lorentz profile with 0.03 cm™ FWHM. Fig.2 presents our results for Hg 404.7nm line, Fig.3 and Fig.4 for the Hg
lines of 435.8 nm, 546.1 nm wavelengths respectively. Due to the Zeeman effect, all lines are split.
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—— experimental Hg404.7nm — real by discr.min..m.
real by discr.min..m. 124
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Fig. 2. Experimental and real line shapes of Hg 404.7nm line.  Fig. 3. Experimental and real line shapes of Hg 435.8 nm line.
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Fig. 4. Experimental and real line shapes, Hg 546.1nm line.

On the Table 1 the values of the full width at half of maximum (FWHM) of the Gauss profile are shown for the
Hg 404.7nm emission line for all position of the lamp.
Table 1. The FWHM for Hg 404.7 nm

FWHM(cm‘l) Peak 1 Peak 2 Peak 3 Lamp position
Measured/Real 0.0485/0.0367 0.0471/0.0354 0.0718 /0.0586 Horizontally
Measured/Real 0.0502/0.0354 0.0515/0.0389 0.0475/0.0344 Vertically, with the Hg
reservoir up
Measured/Real 0.0507/0.0352 0.0318/0.0272 0.0504/0.0354 Vertically with the Hg
reservoir down

As can be seen on the figures and table, the deconvoluted profiles are significantly narrower than the measured ones.
In low pressure plasma where the Doppler broadening is the dominant broadening effect, it is very important to take
into account the instrument broadening and use the FWHM of the real line shapes for calculations. Since micro-size
lamps are used for precision spectrometry, the deconvolution is necessary to detect the quality of the spectral line
shapes.

5. Conclusions

In this work we show the possibility to implement Tikhonov’s regularization method for deconvolution of real line
shapes from the instrument function for multiple narrow Zeeman spectral line shapes, emitted from micro-size
capillary light source. The FWHM of the real spectral line shapes was possible to obtain using zero order
regularization and the minimum discrepancy method for estimation of regularization parameter, despite the fact that
the stabilization of the solution in the wings of spectral line shapes was problematic especially in the case of many
Zeeman components.
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ABSTRACT

This paper is devoted obtaining the threshold of the credibility of the solution by means of Tikhonov's regularization
method in case of spectral lines, emitted from microsize plasma sources. The reliability of Tikhonov algorithm was
verified by means of solving model tasks with different ratio between instrumental function and measured profile and,
with different levels of noise.

Keywords: Tikhonov regularization, non-linear multi-parameter modeling, spectral line diagnostics, microsize plasma

1 INTRODUCTION

Since the capillary sources emit very narrow lines it is a challenge to get information about the form of the spectral lines
what is important for application of the lamps in high precision experiments. The instrument function can destroy the
real spectral line shape significantly, for example, it changes the width of the spectral line that leads to the uncertainties
in the determination of such important plasma parameters as temperature [1],it can cover detailed structure of the spectral
line, like the dip in the line centre caused by the self-absorption (self-reversal) and characterizing the radiation trapping.
That is why to detect the quality of the spectral line shapes, emitted from the lamps, it is necessary to deconvolute the
instrument function from the measured spectral lines.

1.1 Tikhonov algorithm

The properties of the well posed problems [2] are:

1. Existence of the solution.

2. Uniqueness of the solution.

3. Continuous dependence of the solution on the data.

The problem is ill posed, if, at least, one of properties is not satisfied. In case of inverse tasks the third condition is
wrong: small experimental uncertainties can cause large deviations in the solution. The instrument function
deconvolution from the measured spectral lines is an inverse ill-posed task.

The measured (experimental) spectral line f(v) is a convolution of the real line profile y(v’) of the emitted spectral line
and instrument function A(v, v'). It can be described by Fredholm first kind integral equation:

b
.[A(v,v')y(v Nds = f(v), c<v<d, )
a

where a, band ¢, d the limits of the real and measured (experimental) profiles accordingly.
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Tikhonov’s regularization algorithm [3] is one of the most useful tools for solving the task where small experimental
uncertainties can cause large deviations in the solution. Assuming, that values of the right side and integral equation (1)

kernel are known with accuracy:

i1, <s

- )
|A-A<¢

where § is error of right part of (1) or error of experimental f(V) profile ,§ is error of kernel of (1) or error of instrument

function A(v,v"). According Tikhonov regularization method by minimizing the following functional:

m, [y, F i, [ 7] ©
we obtain Fredholm second kind integral equation:
b
a(y. ()=, O]+ [k, (vV)av'=F (1) te[ab], @

where

It is well posed task instead of first kind integral equation (1), and the further solution can be implemented by means of
the classical methods. The mathematical model is described in the paper [ 4 ] in detail.

It is well known that the finding of regularization parameter is crucial for all regularization methods. The inaccurate
determination of the regularization parameter leads to major errors in the solution. In this work we used two independent
methods to obtain it. There is method of the discrepancy minimization [5]:

o7

. =minlAy, - f

®)

2
LZ
and method proposed in work [6].According this method regularization parameter is root of equation:

af | ARy, AT |=plIAIE+n]v.]) ®)

All calculations in this work were performed for zero order of regularization (g=0) using programs written in
MathCad13. Regularization parameter a was obtained in supposition, that error of kernel, in cases when instrumental
function was given by formula, is equal of zero, (£=0).

1.2 Modeling of the spectral line profiles

The mathematical model is described in the paper [7] in detail. This model includes the basic factors causing the spectral
line broadening in a low-pressure discharge: natural, Doppler, resonance and collisional. These effects are accounted by
means of the Voigt profile which is a convolution of the Doppler and Lorentz profiles. Normally, the Doppler width
(FWHM), dvp, and Lorentz width, dv,, are used as the parameters characterizing the Voigt profile.
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For a quantitative description of self-absorption, the approximations of the radiation source are used: i) the
approximation of a uniformly excited source; ii) source with spatially separated emitting and absorbing atoms; iii) model
suggested by Cowan and Dieke [8,9]:

(1) = IoP (v v ) 3 D
I(v—vy)=1P(v—rvy)e ") ——— ©)
2 (2j+n)!
where n is the integer characterizing the homogeneity of the radiation source and
P(v-vy

P(0)
where P(v-vp) is the line profile of radiation in a unity volume, K, is the optical density at the centre of the line.

The resulting profile is a convolution of the self-absorbed Voigt profile and the instrument function.

The real spectral line profiles, estimated using described above method, were used for the comparison with the results
obtained by means of Tikhonov regularization method. Below are mentioned some advantages and disadvantages of the
both methods.

The disadvantage of the line profile modeling method is that the functions of the line profiles have to be known before
and we can apply it manly for the symmetric lines. For the using the Tikhonov’s regularization method, the only
parameter what we have to know is the instrument function. The advantage of the modeling is that we can it apply also
for the fit of the width of the instrument function if the type of the instrument function is known.

2 VALIDATION OF THE SOLUTION METHOD
2.1 Test

The reliability of the solution method using Tikhonov regularization algorithm was verified by means of solving model
tasks. The test was performed in three stages. First of all several “real profiles” were generated using non-linear multi-
parameter modeling with different values of the variable parameters: Doppler broadening, Adp, Lorentz broadening,
AJ,, optical density in the line centre, koI, homogeneity of the radiation source, n. Thus the “real profiles” — the self-
absorbed Voigt profile and Voigt profile without self absorption are created. The values of the parameters were chosen
s0, that the 'experimental’ model profiles were maximally close to real spectral profiles, emitted from microsizes light
sources. The “experimental profiles” are generated performing a convolution of these “real profiles” with the instrument
function (Gauss profile) with a given value of the full width at half of maximum- FWHM (Ad,.s) . The influence of the
different ratio of FWHM of 'instrumental function' and FWHM of 'experimental’ model profile to result was observed. At
the end the several sets of “experimental” errors with different variances were generated and overlapped. In the second
stage, the real profiles deconvoluted from the instrumental function using the Tikhonov’s regularization method, were
obtained.

In the third stage, the deconvoluted real profiles were compared with the initial “experimental profiles”. The dependence
of these parameters from 1) width of instrument function, 2) values of the variance of the “experimental” errors 3)
method of estimation of the regularization parameter were investigated.

Below we can see the examples of the our calculations. On the Fig.1.- Fig3. we can see comparisons between "modeled -
real" profile and “calculated- real" profiles. "Modeled -real" profile was generated with following parameters: Doppler
width (FWHM), 8vp=0.03cm™, and Lorentz width, v, =0.01cm™, instrumental function, Gauss profile, dvjs.=0.06cm™,
optical density in the line centre, k,I=4, homogeneity of the radiation source, n=13. The “experimental” errors were:
variance1=0.01(Fig.1), variance2=0.02,(Fig2) variance3=0.05(Fig.3) accordingly .
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error variance=0.01 «— real_solution kojd
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Figure 1. Comparison between "Real modeled" (modeled by means of non-linear multi-parameter modelling)profile and
"Real solution" profile(obtained by means of Tikhonov regularization method). "Experimental™ errors-variance 0.01.
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Figure 2. Comparison between "Real modeled” (modeled by means of non-linear multi-parameter modeling)profile and
"Real solution" profile(obtained by means of Tikhonov regularization method). "Experimental™ errors-variance 0.02.

Solution was implemented by means of Tikhonov regularization method, using two independent method to obtain
regularization parameter: 1 method-discrepancy minimization method, 2 method- using equation (5) .
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— = — real_solution discr. min
error variance=0.05 — e — real_solution kojd
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Figure 3. Comparison between "Real modeled" (modeled by means of non-linear multi-parameter modeling)profile and
"Real solution” profile(obtained by means of Tikhonov regularization method). "Experimental” errors-variance 0.05.

On the Figs.4 - 7 we can see comparisons between "modeled -real” profile and "calculated- real” profiles.

—=— real-solution(discr.min.method)
—e— real-solution(kojd.method)
—— exp-model

1.0 + 8 — real-model

error variance=0.01

0.8

0.6

0.4 4

Intensity,rel.un.

0.2

0.0

Wavenumber,cm™

Figure 4. Comparison between "Real modeled” (modeled by means of non-linear multi-parameter modelling)profile and
"Real solution" profile(obtained by means of Tikhonov regularization method). "Experimental™ errors-variance 0.01.
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—=— real-solution(discr.min.method)
error variance=0.02 —e— real-solution(kojd.method)

—a— exp-model

—#— real-model

1.0 4

0.8

0.6

0.4

Intensity,rel.un.

0.2

0.0

Wavenumber,cm”
Figure 5. Comparison between "Real modeled” (modeled by means of non-linear multi-parameter modelling)profile and
"Real solution" profile(obtained by means of Tikhonov regularization method). "Experimental™ errors-variance 0.02.

"Modeled -real" profile was generated with following parameters: Doppler width (FWHM), 8v5=0.03cm™, and Lorentz
width, v, =0.01cm™, instrumental function, Gauss profile, dvng.=0.06cm™, without self absorption. The “experimental”
errors were: variance1=0.01(Fig4), variance2=0.02(Fig5), variance3=0.05(Fig6), variance4=0.1 (Fig7).

—=— real-solution(discr.min.method)
error variance=0.05 —e— real-solution(kojd.method)
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0.2 H

0.0
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Figure 6. Comparison between "Real modeled” (modeled by means of non-linear multi-parameter modeling)profile and
"Real solution" profile(obtained by means of Tikhonov regularization method). "Experimental” errors-variance 0.05.
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—=— real-solution(discr.min.method)
—e— real-solution(kojd.method)
—a— exp-model

—— real-model
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Figure 7. Comparison between "Real modeled" (modeled by means of non-linear multi-parameter modeling)profile and
"Real solution" profile(obtained by means of Tikhonov regularization method). "Experimental” errors-variance 0.1.
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Figure 8. Comparison between "Real modeled" (modeled by means of non-linear multi-parameter modeling)profile and "Real
solution™ profile(obtained by means of Tikhonov regularization method).
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As we can see on Figs.1- 7 the values of self absorption(Figs.1-3) and values of FWHM (Figs.4-7) of modeled "real"
profile and of calculated "real” profile coincides quite well. But the greater values of variance lead to larger solution
instabilities on the wings of profiles.

On the Fig.8 we can see comparison between comparisons between "modeled -real" profile and "calculated- real"
profiles. In this case "modeled- real" profile was generated with equal values of Doppler width (FWHM) and Lorentz
width dvp== &v,=0.03cm™ and without the "experimental errors" .The instrumental function, Gauss profile,
SVinstr.=0.06cm™. The density in the line centre, koI=4, homogeneity of the radiation source, n=13. As we can see in case,
when modeled profile was generated without “experimental™ errors, modeled "“real" profile and calculated "real" profile
coincides perfectly.

On the Fig.9 we can see we can see comparison between comparisons between "modeled -real” profile and "calculated-
real" profiles. In this case the instrumental function, Gauss profile, 8Vinsr-=0.1cm™. which is significantly more than in
previous cases. The "modeled- real" profile was generated with Doppler width (FWHM), 8vp=0.03cm™, and Lorentz
width, &v,=0.01cm™ and without the “experimental errors" .The density in the line centre, k,I=4, homogeneity of the
radiation source, n=13.
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Figure 9. Comparison between "Real modeled” (modeled by means of non-linear multi-parameter modeling)profile and "Real
solution" profile(obtained by means of Tikhonov regularization method).

As we can see on Fig.9., such wide instrumental function leads to unstable solution and to difference in values of self
absorption in cases of modeled "real" profile and calculated "real" profile. And it leads to unstable solution.

"Real calculated" profiles on Figs.8-9 were obtained using discrepancy minimization method for regularization
parameter determination.

2.2 Statistics

Below we can see correlation matrix (Spearman coefficient) [10], obtained in IBM SPSS Statistics 22 for case when
"modeled -real" profile was generated with following parameters: Doppler width (FWHM), 8vp=0.03cm™, and Lorentz
width, 8v,=0.01cm™, instrumental function, Gauss profile, 8VIngyr.=0.06cm™, optical density in the line centre, kol=4,
homogeneity of the radiation source, n=13. The “experimental” errors were: variancel=0.01, variance2=0.02,
variance3=0.05. Solution was implemented by means of Tikhonov regularization method, using two independent method
to obtain regularization parameter: 1 method-discrepancy minimization method, 2 method- using equation(6) .

As we can see was obtained significant correlations (p<0.001) between values, obtained by both method and between
values of each of methods and values of "real-modeled" profile.
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Table 1. Correlation matrix (Spearman's rho) -modeled profiles with self-absorption

Spearman's rho variance0_01 | variance0_02 | variance0_0 real-modeled
_2met. _2met. 5_2met.

Correlation | gqae 803 803" 714

. Coefficient

variance0_O1_1met. =3 =5 2iled) | ,000 000 000 000
N 101 101 101 101
Correlation | gg« 096™ 631" 644™

. Coefficient

variance0_02_1met. =3 =5 ailed) | ,000 000 000 000
N 101 101 101 101
Correlation | g5q= 679" 092" 660"

. Coefficient

variance0_05_1met. =3 =5 2iled) | ,000 000 000 000
N 101 101 101 101
Correlation | 65 661" 636" 1,000

I-modeled Cpeffnmept

rea Sig. (2-tailed) | ,000 000 1000 .
N 101 101 101 101

**_Correlation is significant at the 0.01 level (2-tailed).

In following case (Table 2) "modeled -real" profile was generated with following parameters: Doppler width (FWHM),
8vp=0.03cm™, and Lorentz width, dv,=0.01cm™, instrumental function, Gauss profile, dving.=0.06cm™, without self
absorption. The “experimental” errors were: variancel=0.01, variance2=0.02, variance3=0.05, variance4=0.1. Solution
was implemented by means of Tikhonov regularization method, using two independent method to obtain regularization

parameter: 1 method-discrepancy minimization method, 2 method- using equation(5) .

As we can see on Table2 was obtained significant correlations between values, obtained by both method (p<0.001) and

between values of each of methods and values of "real-modeled” profile (p<=0.01).

Table 2. Correlation matrix (Spearman's rho)- modeled profiles without self-absorption

Spearman's variance0_01 | variance0_02 | variance0_05 | variance0_1 mrgg:;le
rho _2met. _2met. _2met. _2met. d
Correlation - - - . -
variance0_01_ Coefficient 999 D44 551 297 /435
1met. Sig. (2-tailed) ,000 ,000 ,000 .003 ,000
N 101 101 101 101 101
Correlation ox - o *x o
variance0_02_ Coefficient 570 981 574 281 417
1met. Sig. (2-tailed) ,000 ,000 ,000 004 ,000
N 101 101 101 101 101
Correlation ox x o *x o
variance0_05_ Coefficient 533 520 ,992 356 437
1met. Sig. (2-tailed) ,000 ,000 ,000 ,000 ,000
N 101 101 101 101 101
variance0_1_ Correlation ox - o wox .
1met. Coefficient ,342 ,281 ,398 991 272
Sig. (2-tailed) ,000 ,004 ,000 .000 ,006
N 101 101 101 101 101
Correlation 427 393™ 447" 254 1,000
real-modeled Coefficient
eal-modele Sig. (2-tailed) 000 000 000 010 .
N 101 101 101 101 101

**_Correlation is significant at the 0.01 level (2-tailed). *. Correlation is significant at the 0.05 level (2-tailed).
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3 CONCLUSION

The solution of the model examples shows that this method can be used for real profile restoring for further diagnostic of
the HFEDL if the following conditions can be performed is satisfied the following conditions:

. normal level of the noise. The variance of data must be less than 0.1;
. the ratio between instrumental function and measured profile can be less or equal of 2.

There are significant correlation between values , obtained by means of method1(discrepancy minimization method) and
method 2 (Eq. 6). As we can see on Table 1(case with self- absorption), the correlation coefficients are: 0.993, 0.996,
0.992 in cases, when variances of modeled data are 0.01, 0.02, and 0.05 accordingly. We can see the significant
correlation between values, obtained by two independent methods in case when modeled profile was without self-
absorption too (Table 2). In this case the correlation coefficients are 0.999, 0.981, 0.992, 0.991 in cases, when variances
of modeled data are 0.01, 0.02, 0.05, 0.1 accordingly.

As well significant correlation is observing between values of calculated "real” profiles and modeled "real" profiles. In
case of modeled profile with self-absorption, the correlation coefficients are 0.714(method 1) and 0.702(method 2) for
case when variance of modeled data is 0.01;, 0.644(method 1) and 0.661(method 2) in case when variance is 0.02;
0.660(method 1) and 0.636(method 2),variance of modeled data is 0.05. In case of modeled profile without self-
absorption, the correlation coefficients are 0.435(method 1) and 0.427(method 2) for case when variance of modeled data
is 0.01; 0.417(method 1) and 0.393(method 2) in case when variance is 0.02; 0.437(method 1) and 0.447(method
2),variance of modeled data is 0.05; 0.272(method 1) and 0.254(method 2), variance of modeled data is 0.1.
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Abstract. In this paper we discuss different methods of narrow spectral line shape
measurements for a wide spectral range by means of high-resolution spectrometers such as the
Fabry-Perot spectrometer, Zeeman spectrometer and Fourier transform spectrometer as well as
a theoretical model for spectral line shape modelling and solving of the inverse task based on
Tikhonov’s regularization method. Special attention is devoted to the line shape measurements
for the optically thin light sources filled with Hg, Ar, Xe, Kr for their use in high precision
analysers for detection of heavy metals and benzene.

1. Introduction

Line shape diagnostics are essential when light sources with well-defined shapes of the emission lines
are required. In this paper we present the spectral line shape measurement and calculation
methods created for optimisation needs for special types of low pressure lamps for their application in
atomic absorption spectrometers (AAS). Novel type AA analysers are developed for detection of
heavy metals, benzene, toluene and other pollutants in air, water and food in real time [1].High
selectivity and very low limits of detection depend on the quality of the spectral line shape.

Spectral line shapes are known as important tools for emission plasma diagnostics in different type
of plasma since the form of the line is determined by all plasma processes. However many processes
act at the same time, and it is not easy to resolve partial effects on the total line shape. In addition, the
processes often correlate with each other. We have to take into account also the influence of spectral
apparatus. Reconstructing the real line shape from the measured one is a so called inverse ill-posed
task since small uncertainties in the measurement give large deviations in solution. Since it is a
complex task, sometimes consideration of the instrument function is omitted. It can be done if the
width of the instrument function is much smaller than the real spectral line shape which is true in
general for high temperatures and dense plasmas. However in the case of low—pressure plasma the
instrument function is on the same order as experimental profile and it has to be taken into account.

In this work we will focus on the deconvolution of narrow real spectral line shapes from
experimental profiles registered by different spectrometers with high precision. The influence of the
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instrument functions on Hg emission lines from low-temperature discharges will be discussed for
Fabry-Perot, Zeeman and Fourier transform spectrometers. The influence of the instrument function
on the FWHM of spectral line shapes and gas temperature estimation will be elaborated.

2. Experimental details

The developed light sources contain reservoir with working element, capillary and excitation
electrodes located outside the capillary and exciting the discharge at 100 MHz frequency. The
discharge can be excited also in the bulb of the lamp. Set-up of capillary light source is shown in
Fig.1. In this work, experiments were conducted with mercury light sources with different buffer gases
Ar, Kr and Xe. To avoid the splitting and consequently the broadening of the spectral line, the isotopes
of the metal are used as filling elements.

reServoir
capillary

A

&

electrodes

Figure 1. Set-up of a capillary light source

2.1. Fabry-Perot Interferometer

Since the working lines, selected for the needs of AAS, are narrow and often in the UV, the
registration instrument should have high sensitivity in broad spectral region. Direct spectral line
shape’s measurements were done by three different methods in this work. In Fig. 2, the experimental
arrangement of a high resolution scanning Fabry-Perot spectrometer is illustrated. The heart of
this experimental arrangement is the Fabry-Perot interferometer, consisting of two parallel mirrors,
placed into a vacuum chamber which is connected with the pumping system and evacuated. When the
air is gradually let to refill the vacuum chamber the refraction index of the mirrors is changing and the
spectrum lines are registered by a PMT. The instrument function of the Fabry-Perot interferometer is
so called Airy function which can be approximated also by Voigt profile [2].

Fabry — Perrot
Amplifier interferometer
Lens invacuum Lens
PMT chamber Light
source
/ / /
PC < H:,H/ G
1k [0 L6
Capillary

Monochromator

Power supply

Figure 2. Set-up of a Fabry Perot high resolution spectrometer.

The finesse of the interferometer is restricted by the effective refraction coefficient of the
mirrors which includes both, the refraction coefficient and inaccuracy of the adjustment. For
example at the effective refraction coefficient R = 80%, the full width at half of maximum (FWHM) of
the instrument function Aving amounts to 0.071 cm™.
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2.2. Zeeman Spectrometer

Since The principle set-up of the scanning Zeeman spectrometer is shown in Fig. 3(a). This type of
spectrometer is very useful to measure the resonance line shapes in UV region [3, 4]. Examples of the
measured Hg VUV resonance line of 185 nm wavelength are shown in Fig.3 (b). By our knowledge
this is the only available spectrometer which makes possible direct registration of the Hg 185 nm
spectral line shape. The light from the plasma source traverses the same metal vapour cell. The
frequency scanning is ensured by changing the magnetic field strength in the absorption cell. The
signal is registered by the PMT.

Elektromagnet

H Hg vapor cell

Lamp
g Photo- N ¢
ff; g multiplier Registration 2
M/ Z
System for|| | Holl =
magnetic ([ detector
field
scanning
(a) (b)

Figure 3. (a) Set-up of Zeeman high resolution spectrometer for the line shape measurements based on
absorption of light in the cell placed in magnetic field; (b) experimentally measured Hg resonance line shape of
185 nm emitted from the Hg isotope 198 lamp in dependence of the Hg cold spot temperature (metal vapour
pressure) [4].

For the Zeeman spectrometer, the instrument function is absorption profile of the metal vapor in the
absorption cell. If the cell is hold at the room temperature of 20° C, the Doppler broadened absorption
profile has FWHM of 0.036 cm™ which gives better resolution than for the Fabry-Perot interferometer.

2.3. Fourier Transform Spectrometer
The Fourier Transform Spectrometer model Bruker IFS 125 HR can be used to measure spectral line
shapes in wide spectral range from 320 - 910 nm, about 2000 pixels/nm. The theoretical instrument
function of the Fourier spectrometer is function sinc(x) = sin(x)/x shown in Fig.4. However the
measured function using the He laser line of wavelength 632.8 nm, shown in Fig.5 looks differently.
Since the reconstruction takes into account the theoretical or measured prompt function and since
we encountered issues with finding stable solutions, we first applied a fitting procedure. Subsequently,
we found that the best approximation of the instrument function is a Lorentz profile with FWHM of
0.02cm™ [5]. Thus all further calculations were performed with this function. Experimentally
measured spectral line shapes of 435.8 nm for two Hg isotope lamps, 202 and 198 isotopes,
respectively, depend on the discharge power. Fig. 6 displays these results.
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Figure 6. Experimentally measured Fourier spectra of the Hg 435.8 nm line shapes for the two Hg isotopes
198 and 202.

3. Theoretical Approach
As is well known, the experimentally registered spectral line shape, influenced by the instrument
function, can be expressed in form of a Fredholm integral equation of first kind:

])'A(x,s)y(s)ds:f(x), c<x<d, (1

where f(x)- measured spectral line profile; y(s)- real spectral line profile; 4(x,s)-instrument function
and a, bandc, d -the limits of the real and experimental profiles, accordingly.

To calculate the real spectral line profile from experimental line, it is necessary to solve this inverse
ill-posed task where small experimental uncertainties can cause large deviations in the solution. Our
experience showed that the Tikhonov’s regularisation algorithm [6] is one of the most useful tools for
solving the task.
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Assuming, that the values on the right side and integral equation (1) kernel are known with
accuracy:

[i-1], 55

. (2)
A<

where O is the error of right part of (1) or the error of experimental f(X) profile, & is the error of
kernel of (1) or the error of instrument function A(X, S) , Tikhonov proved, that the initial, ill-posed

task can be transformed into a task of searching for the minimum of a smoothing functional:

MLy fl=inm [y f] o)
where the smoothing functional M , [y, f] , so called Tikhonov’s functional, is given in the form:
Ma|:y| f]=”:&y—f”i+aﬂ[y]. (4)

The stabilising functional © is described by the following expression:

fyl=I, 5)
a > 0 is the regularisation’s parameter; the number discrepancy is denoted by H,&y - ]?HZF .

According to Tikhonov’s method, instead of the initial ill posed problem (1) we get well posed
task, which is described by the Fredholm integral equation of second kind. After changing the
integrals to finite sums, one can write the system of linear equations are

N N . N .
bi(zbmAnkAnini—i_ayk:meAnkfm’ k=LN (6)
m=1 m=1

i=1

where A4;; — elements of N xN size matrix 4, which approximates kernel; f; — vectors-column with
initial dates; y; — vector-column of solution; b; — the coefficients.

The system of Equations (6) can be solved with classical methods. All calculations in this work
were done for zero order of regularization (q=0) using programs written in MathCad. Regularisation
parameter « was obtained in supposition, that the error of kernel is equal to zero (§=0) in cases when
the instrumental function is known analytically. Typically we use two independent methods to obtain
the regularisation parameter a [7,8].

However the deconvoluted real spectral line shape still needs to be modelled because we want to
obtain plasma parameters. In the low temperature plasma the real spectral line shape can be
approximated Voigt profile which is a convolution of the Doppler and Lorentz profiles. Normally, the
Doppler width (FWHM), dvp, and Lorentz width, v, are used as the parameters characterizing the
Voigt profile. Voigt profile includes the basic factors causing the spectral line broadening in a low-
pressure discharge: natural, temperature, collisional. The main problem is to take into account the self-
absorption. Spectral line modelling is further described in [2-4]. Along the line of sight the intensity
distribution in the line shape /(v) can be written as:
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I(v)= |OTﬁe (NP.(v,r)exp {—s]i P, (v, X)ﬁa(X)dX:| dr
- r D,
(). o _n()
N, © ° N

a e

n,(r)=

where

1 +0 +00
N, =E_Lna(r)dr; N, :_J;ne(r)dr.

It is important to know the distributions of the absorbing and emitting particles n,(r) and n.(r). For
our calculations we use several approximations: uniform distribution of emitting and absorbing
particles (homogenous light source), light source with spatially resolved emitting and absorbing
particles (inhomogeneous light source), experimentally determined distributions as well as model
supposed by Cowan and Dicke which gives some kind of intermediate distributions of the excitation
function of the light source [9].

4. Results and discussion
Mercury 202 isotope 253.7 nm line shapes, recorded with a Zeeman spectrometer and the Fabry-Perot
spectrometer are shown in Fig. 7.
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Figure 7. Comparison of mercury 202 isotope 253,7 nm line shapes, registered with Zeeman (a) and Fabry-Perot
spectrometers (b) and the calculated real spectral line (green squares).

As we can observe, in both cases the dip due to the self-absorption is covered by the instrument
functions of the spectrometers despite the fact that the instrument functions in both cases are narrow
(the broadening is on the same order as the line shape itself). The Fabry-Perot spectrometer gives more
influence on the wings of the shape. For the calculation of the real profile, the model of the
inhomogeneous light source excitation function was applied. In Fig. 8, the results of deconvolution
procedure are shown for Hg 546.1 nm visible triplet line.
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Figure 8. Experimental Fourier spectra of the Hg 546.1 nm line and deconvoluted

shapes for the two Hg isotope lamps, 202 and 198.

The results are given for two methods of finding the regularization parameter o, the Kojdecki
method [7] and minimum of discrepancy method [8]. Both methods give similar results. It is
interesting to observe that the line, emitted from the 198 isotope lamp, is self-absorbed because the

lamp contains higher concentration of mercury.
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Figure 9. FWHM in dependence from the discharge
power, calculated from the deconvoluted line shapes of
Hg line 546.1 nm emitted from the Hg/Ar, Hg/Kr,
Hg/Xe discharge plasmas.
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435.8 nm Hg line emitted from the Hg/Ar, Hg/Kr,
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We can obtain the real FWHM for all the registered lines that allows us to determine temperature
of the emitting particles. Examples of the results of the calculated FWHM of the 546.1 nm line and
temperatures (T) are shown in the Figs. 9 and 9. It is clearly demonstrated that the neglecting
instrument function can lead to large error of about 1500° C in the temperature calculations. Clear
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dependence of the temperature of the type of buffer gas can be observed — the heavier the buffer gas,
the colder the plasma. Adding Kr instead of Ar decreases temperature of about 900° C, adding Xe
instead of Ar decreases temperature about 2000° C.

5. Conclusion

Narrow spectral line shapes, emitted from the light sources, developed for the atomic absorption
spectrometry for detection of heavy metals and benzene, are analysed by three different measurement
methods in UV and visible spectral regions. The regularisation method and mathematical modelling is
used to extract the real spectral line shape. Neglecting the instruments function gives an error of about
1500° C for the discharge temperature. Clear influence of buffer gas type was found on the mercury
discharge temperature.
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