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Valentyn A. Smyntyna
Doctor of Physical and Mathematical Sciences, Full Professor, 
Honoured Scientist of Ukraine, 
Laureate of State Premium of Ukraine in the field of Science and Technology

Valentyn Smyntyna was born on September 
8, 1948, in the village Vyshneve (Tatarbunary 
district of Odessa region). In 1966 he graduated 
with honors from Tuzlovski secondary school and 
was enrolled in the Faculty of Physics of Odessa 
I. I. Mechnikov State University (now Odessa 
National I. I. Mechnikov University, ONU), from 
which he graduated with honors in 1971. He 
has successfully completed post-graduate stud-
ies in ONU in 1974 (with the title of Candidate 
of Sciences (PhD) in 1977); in 1988 he took the 
degree of Doctor of Physical and Mathematical 
Sciences, and in 1992 – the title of Full Profes-
sor. He is permanently working in ONU, being 
consequently Vice-Dean for science and research 
of the Faculty of Physics, Head of the Department 
of Experimental Physics, Advisor to the Rector, 
Vice-Rector for international cooperation, Rector.

In 1995 Valentyn Smyntyna was elected and 
appointed as rector ONU and thereafter effec-

tively stimulates the active development of this 
university during 15 years till 2010. During the 
period of Valentyn Smyntyna terms of office (ten-
ure), ONU was awarded the status of National 
University in 2000, in 2006 its’ achievements 
were recognized by Diploma of the Cabinet of 
Ministers of Ukraine, and in 2009 it was nomi-
nated as the best classic university of independent 
Ukraine; the University was awarded numerous 
Grand Prix, gold, silver and bronze medals in in-
ternational and national exhibitions and competi-
tions, it was included into first 2000 of the most 
famous universities in the world according to the 
Webometrics rating and into 120 research univer-
sities in the world, it has become the first classical 
university of independent Ukraine which signed 
Bologna Magna Charter. 

In 1989 Valentyn Smyntyna has found sci-
entific research laboratory of sensor electronics, 
later – research and training center of medical 
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and biological physics and in 2008 – interagency 
Physicotechnical Centre of double submission to 
Ministry of Education and Science and National 
Academy of Sciences of Ukraine; he is effec-
tively managing and supervising activities of all 
these structures. In 1996 he implemented the first 
in Ukraine unique complex “School - College - 
University”, the model of which was reproduced 
by leading universities of Ukraine in frames of 
their structures. Since 1995 Valentyn Smyntyna 
has created and developed a network of edu-
cational units of ONU located in 9 cities in the 
south of Ukraine; he has opened 10 faculties and 
institutes, over 20 educational departments and 
as many new fields of studies in Odessa National 
University; the quality of students’ training has 
considerably improved: the number of Doctors of 
Sciences, Professors, increased from 95 to nearly 
200, and Candidates of Sciences, Associate Pro-
fessors - from 375 to about 800.

Valentyn Smyntyna is well-known distin-
guished physicist, whose studies are widely rec-
ognised in Ukraine and abroad, he is the author 
of over 700 scientific works, 11 scientific mono-
graphs (4 - personal, 2 of them in English pub-
lished in New York), 27 patents for inventions, 12 
textbooks (5 personal) recommended by Ministry 
of Education and Science of Ukraine, including 
the first in Ukraine “Course of general physics” 
in 6 volumes.

Valentin Smyntyna is recognised leader of sci-
entific school for physics of semiconductor’s sur-
face which determines development of this branch 
in Southern Ukraine and makes significant impact 
on these studies in Ukraine in the whole.  He is 
the Head of specialized scientific council for ex-
amination of dissertations for a degree of Doctor 
of Sciences in Physics in four specialties; 5 Doc-
tor of Sciences and over 10 Candidate (PhD) dis-
sertations were prepared under his supervision.

The main scientific results were achieved by 
Valentyn Smyntyna in the field of study of elec-
tron-molecular phenomena on the surface and in 
the bulk of semiconductor polycrystalline films 
and nanostructured materials, layers of oxide 
semiconductors and compound semiconductor 
materials, in which he has discovered the new 
type of electrical heterogeneity (chemisorptional-

electric domain); he has put forward, explained 
and validated its model and electron-molecular 
nature.

In 2007 Valentyn Smyntyna was awarded by 
the State Premium of Ukraine in the field of sci-
ence and technology; in addition, two more State 
Premium of Ukraine in the field of science and 
technology were awarded in 2009 and 2011 for 
two other research projects realized in frames of 
headed by him Physicotechnical Center. 

The most important results of scientific re-
search of Valentyn Smyntyna are published in 
international peer-review editions with high Sco-
pus citation index, and h-index and in those ones 
recognized by the American Institute of Physics.

Valentyn Smyntyna is well-known in Ukraine 
and abroad public figure acting as Vice-President 
and since 2013 as a Coordinating Council mem-
ber of Ukrainian Physical Society, chairman of 
its Southern Branch, member of the State Ac-
creditation Committee of Ukraine (2003-2006), 
vice-head of scientific council for semiconduc-
tor physics of Presidium of National Academy of 
Sciences, member of Committee for State Awards 
of Ukraine in the field of science and technology, 
deputy head of Southern Scientific Centre of Na-
tional Academy of Sciences (1995-2010), scien-
tific supervision of regional seminar on problems 
of physics and the Head of the Coordination board 
on Semiconductor Physics of Southern Scientific 
Center of NAS of Ukraine.

During 1980-1992 he was member of Ukrai-
nian and Southern regional boards of scientific 
and technical societies analytical instrumentation 
and Ukrainian Republican Council of analytical 
instrumentation, in 1997-2000, - supervisor of 
nationwide coordination plan for semiconductor 
physics and metals; in 2002-2006 - deputy and 
presidium member of Odessa Regional Council, 
Chairman of the Committee for Science and Edu-
cation.

Valentyn Smyntyna is the editor-in-chief of 
scientific journals “Sensor Electronics and Mi-
crosystem Technologies” and “Photoelectronics” 
recognized as professional ones by Attestation 
Commission of Ukraine, Editor of “Herald of 
Odessa University” (1995-2010).
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He is successful organizer of many important 
international conferences, in particular,  1-st na-
tional congress “Physics in Ukraine”, 1st pan-
Ukrainian Conference on Physics of Semicon-
ductors, Congress EUROSENSOR, founder and 
head the organizing committee of the first five in-
ternational conferences “Sensor Electronics and 
Microsystem Technologies “.

Since 1994 he is member of the European 
Physical Society, the only from Ukraine perma-
nent member of EUROSENSOR steering com-
mittee; honorary member of  EUROSENSOR and 
former member of NEXUS program bureau; full 
member of Optical Society of America, American 
Physical Society and of other authoritative pro-
fessional associations, since 1998 he collaborates 
with the editorial advisory board of Sensors Up-
date publisher, and since 2010 he is member of 
the council of experts of Danube University As-
sociation.

Valentyn Smyntyna has realized his profes-
sional development at national research centers 
in Italy, France, Germany, Finland, South Korea 
and State Department of the United States and in 
other countries. Since 1992 he is the coordinator 
and Ukrainian team leader of series international 
research projects developed in cooperation with 
scientists from Italy, France, Portugal, Finland, 
Sweden, Latvia and Turkey. He collaborates with 
research and educational institutions of nearly 20 
countries. The results of his research are regularly 
discussed at recognized international scientific 
conferences, where he made over 100 presenta-
tions.

As the University professor Valentyn Smyn-
tyna deliver implemented by him newest special 
course “Physical and chemical phenomena on 
the surface of solids” and the fundamental course 
“Optics”, Master course “Photoelectric processes 
in semiconductors”, specialized and review lec-
tures for University students in Italy, Finland, 
France, Great Britain, the Netherlands and other 
countries. 

Honored Worker of Science of Ukraine, lau-
reate of the State Prize of Ukraine in Science 
and Technology, Professor Valentyn Smyntyna 
is marked by over 50 governmental and branch 
awards and distinctions of Ukraine, Italy, Vati-

can, USA, France, Great Britain, Bulgaria, China, 
Finland, and Hungary, by insignia of Orthodox 
churches of Ukraine and Russia. He is Honorary 
Senator of Szeged University (Hungary), Hon-
orary Professor of Technical University of Qin-
gdao (China), Kherson National Technical Uni-
versity, Institute of Management and Economics 
“Galician Academy”, Academy of St. Peter and 
Paul (Vatican), Moscow Humanitarian Univer-
sity, member of the Club of Rectors of Europe, 
member of the Association of Rectors of Euro-
pean universities, Honorary Citizen of Ochakiv, 
Honorary member of the Council of Rectors of 
Odessa region.

The article is received in editorial 15.07.2013
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PACS: 07.07.Df, 68.43.-h

A. Tereshchenko, R. Viter, I. Konup, V. Ivanitsa, S. Geveliuk, Yu. Ishkov, V. Smyntyna

Odessa National I. I. Mechnikov University, 42, Pastera str., Odessa, 65023, Ukraine
e-mail: alla_teresc@onu.edu.ua 

TіO2-PORPHYRIN NANOSTRUCTURES FOR AMINO ACID DETECTION

A novel optical sensor based on TiO2 nanoparticles for Valine (one of the twenty 
standard amino acids within proteins) detection has been developed. In the presented work, 
commercial TiO2nanoparticles (Sigma Aldrich, particle size 32 nm) were used as sensor 
templates. The sensitive layer was formed by a porphyrin coating on a TiO2 nanostructured 
surface. As a result, an amorphous layer between the TiO2 nanostructure and porphyrin 
was formed. Photoluminescence (PL) spectra were measured in the range of 370-900 nm 
before and after porphyrin application. Porphyrin adsorption led to a decrease of the main 
TiO2 peak at 510 nm and the emergence of an additional peak of high intensity at 700 nm. 
Absorption spectra (optical density vs. wavelenght, measured from 300 to 800 nm) also 
showed great changes; absorption edge shift and additional peaks appearing. Adsorption 
of amino acid resulted in a decrease of the intensity of the PL peak due to porphyrin and an 
increase of intensity of the TiO2 main PL peak. The interaction between the sensor surface 
and the amino acid leads to the formation of new complexes on the surface and results in 
a reduction of the optical activity of porphyrin. Sensitivity of the sensor with respect to 
different concentrations of Valine was calculated. The developed sensor can determine the 
consentration of Valine in the range of 0.04 to 0.16 mg/ml.

1. INTRODUCTION

Amino acids are complex molecules form-
ing building blocks of proteins and involved in 
metabolism as intermediates. There are twenty 
amino acids involved in protein construction. 
Each of them contains a unique functional group, 
which defines the fundamental properties such as 
size, shape, charge, capacity for hydrogen bond-
ing, hydrophilicity/hydrophobicity and chemical 
reactivity. Valine (C5H11NO2), the one of the most 
important amino acids, is a branched-chain es-
sential amino acid, hydrophobic and usually lo-
calized inside of proteins [1]. It is a stimulating 
agent which promotes muscle growth and tissue 
regeneration [2,3]. Valine can be used as food 
additive [4,5], nutrient and/or dietary supple-
ment in animal drugs, feeds, and related products 
[6,7]. Because of the above mentioned properties, 
Valine is often used by bodybuilders (in conjunc-
tion with leucine and isoleucine) as stimulating 

agent. However, high concentrations of Valine 
can induce a crawling sensation on the skin and 
hallucinations [8], what is crucial for people with 
kidney or liver disease. Therefore, the determina-
tion of the Valine concentration in human body is 
an important task in medicine.

Titanium dioxide is chemically stable, non-
toxic and a low-cost material which is well 
known for its good optical, photocatalytic and 
sensing properties [9-15]. Over the last decade, 
TiO2 nanostructures, due to quantum-size effects 
such as absorption edge shift and the appearance 
of photoluminescence at room temperature, have 
been increasingly used as a sensor platform [16-
26]. Recently, there has been a growing interest 
in the development of a new class of hybrid sys-
tems - TiO2 -sensitizers, in which macrocycles 
such as porphyrins are used to form the sensi-
tive layer [24]. Porphyrins are brightly colored 
pigments, containing nitrogen, that consist of 
conjugated multiple-loop systems, based on six-
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teen-membered microcycles, composed of four 
pyrrole molecules and bridges. A porphyrin mol-
ecule contains a coordination cavity, bound by 
four nitrogen atoms, having a radius of about 2Å. 
This molecule is capable to coordinate with metal 
ions of different degree of oxidation. As a result, 
porphyrin-metal complexes, so-called metallo-
porphyrins, are being formed, that possess unique 
combinations of structural, physical and chemical 
features with high biological and catalytic activ-
ity.

It is known that porphyrin application enhanc-
es photocatalytic activity of the samples. In [27], 
the role of both metal and macrocycle in the pho-
tocatalytic processes have been studied by utiliz-
ing TiO2 samples coated by porphyrins and metal-
loporphyrins. Significant changes in optical prop-
erties of nanoporous glass filled with TiO2 and 
TiO2 /porphyrin nanostructures have previously 
been found [28]. In this paper we report on the 
investigation of new optical biosensor based on 
TiO2 nanoparticles coated by porhyrin for Valine 
detection.

2. EXPERIMENTAL

Commercial TiO2 nanoparticles (Sigma 
Aldrich, particle size 32 nm) were used as a bi-
osensor template. TiO2 nanoparticles were dis-
solved in water to prepare sols. TiO2 layers were 
formed on glass substrates by dropping TiO2 sols 
on the substrate and drying it at room tempera-
ture [21]. Post annealing treatment at 300 0C for 
1 hour was performed to remove water from the 
samples. Structural properties of the obtained 
samples were studied by SEM. 

The fabrication of sensitive layers was per-
formed by dropping of porphyrin “5,15-di(n-
nonyl),10,20-di(4-pyridyl) porphynatotin di-
chloride” (chemical structure is shown in Figure 
1) solution in chlorophorm on TiO2 surface. 
Photoluminescence (PL) spectra were measured 
with the setup presented in Figure 2. The samples 
were excited by a UV laser (LCS-DTL-374QT, 
Lex=355 nm) and PL spectra were recorded in the 
wavelength range of 370-800 nm. Absorbance 
spectra were measured with the use of a UV-VIS 
spectrophotometer (Shimadzu UV-1700) in the 
range of 350-1100 nm. 

To check the sensitivity of porphyrin to Valine, 
PL spectra of porphyrin layer before and after 
interaction with Valine were studied. To study 
biosensor response, different concentrations of 
Valine in aqueous solution were deposited on 
TiO2-porphyrin surfaces.

The spectra, measured after Valine deposition, 
showed no drastic changes in the PL intensity and 
peak position (see Fig.3 in sec.).
     

Fig.1. Chemical structure of porphyrin 

Fig.2. Experimental setup for 
photoluminescence measurements

3. RESULTS AND DISCUSSION

The obtained TiO2 nanostructures were rough 
and porous as it is shown in Figure 3. Absorption 
spectra of initial porphyrin layer and porphyrin 
coated TiO2 nanostructure are shown on Figure 
4. The porphyrin demonstrated a Sorret band ab-
sorption, centered at 424 nm. It was found that 
after deposition of porhyrin on TiO2, the Sorret 
band was shifted toward IR region, matching the 
interaction TiO2-porphyrin.
Deposition of porphyrin layer resulted in signifi-
cant changes in the PL spectrum of TiO2-porhyrin 
nanostructure (Figure 4). Initially, TiO2 emission 
spectrum showed wide peak, centered at 510 nm 
and the poprhyrin emission was centered at 693 
nm. 
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The peak, related to pure TiO2 was quenched by a 
factor of three, while a peak, related to porphyrin, 
shifted to 700 nm after the formantion of TiO2 - 
porphyrin complex (Fig.5). The obtained PL data 
confirm the absorption results, matching to the 
interaction between metal oxide and porphyrin 
(ADD pure porphyrin spectra in the PL to discuss 
the changes).
We suggest that the creation of the porphyrin-met-
al oxide structure was caused by the formation of 
an amorphous layer as a result of the activation of 
porphyrin complexes by TiO2. The optical prop-
erties of porphyrin could change due to a special 
porphyrin complex containing both hydrophobic 
and hydrophilic parts as well as due to labile chlo-
rine atoms associated with the central tin atom. 
Sensor response to Valine is shown in Figures 4, 
5. It was found that absorption of TiO2-porphyrin 
decreased with increase of Valine concentration 
(Figure 4).

It was found that initially, the porphyrin showed 
low sensitivity to Valine (Figure 5, inserted plot). 
The significant changes of PL intensities and peak 
positions observed after adsorption of Valine on 
TiO2-porphyrin surface (Figure 5). Adsorption 
of Valine led to a quenching and a blue-shift of 
the porphyrin emission band. At the same time, 
an increase of the intensity of TiO2 emission was 
observed. 
The obtained results point to the irreversible in-
teraction between porphyrin and amino acid, 
resulted in the formation of new complexes be-
tween them and a reduction of optical activity of 
porphyrin.
The sensor signal was calculated using photolu-
minescence and absorption data Slumin (and Sads ): 

                        
0

0

ValS SS
S
-

= ,                             (1)

where S0 and SVal are PL (and absorption) signals 
of TiO2-porphyrin nanostructure related to porhy-
rin emission and absorption, measured before and 
after Valine adsorption, respectively. The sensi-
tivity of the sensor was obtained as the ration of 
the sensor response Slumin (and Sads ) due to (1) to 
the corresponding concentration of amino acid26 
C.
The sensitivity of the sensor vs Valine concen-
tration is plotted in Figure 6. The obtained TiO2 
based sensor coated by porphyrin can detect 
Valine in the range of 0.04 to 0.16 mg/ml. 

4. CONCLUSIONS

The TiO2 and porphyrin form stable complex, 
proofed by the changes of absorption and PL of 
the porphyrin (IR shift) after deposition on TiO2, 
matching to TiO2 -porphyrin interaction. TiO2 
nanostructure coated by porphyrin showed good 
properties for Valine detection. The irreversible 
interaction between TiO2 -porphyrin complex 
and Valine was confirmed by PL and absorption 
quenching after Valine adsorption and UV shift 
of PL peak position. The obtained results provide 
a basis for perspective applications of TiO2 -por-
phyrin nanostructures for effective detection of 
Valine.
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Fig.5. PL spectra of the TiO2-porphyrin sensor 
measured at                  

Fig.6. Response of sensor for different con-
centrations different concentrations of Valine                                                          
of Valine
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TiO2-PORPHYRIN NANOSTRUCTURES FOR AMINO ACID DETECTION
Abstract 
A novel optical sensor based on TiO2 nanoparticles for Valine (one of the twenty standard amino 

acids within proteins) detection has been developed. In the presented work, commercial TiO2 nanopar-
ticles (Sigma Aldrich, particle size 32 nm) were used as sensor templates. The sensitive layer was 
formed by a porphyrin coating on a TiO2 nanostructured surface. As a result, an amorphous layer 
between the TiO2 nanostructure and porphyrin was formed. Photoluminescence (PL) spectra were 
measured in the range of 370-900 nm before and after porphyrin application. Porphyrin adsorption 
led to a decrease of the main TiO2 peak at 510 nm and the emergence of an additional peak of high 
intensity at 700 nm. Absorption spectra (optical density vs. wavelenght, measured from 300 to 800 
nm) also showed great changes; absorption edge shift and additional peaks appearing. Adsorption of 
amino acid resulted in a decrease of the intensity of the PL peak due to porphyrin and an increase of in-
tensity of the TiO2 main PL peak. The interaction between the sensor surface and the amino acid leads 
to the formation of new complexes on the surface and results in a reduction of the optical activity of 
porphyrin. Sensitivity of the sensor with respect to different concentrations of Valine was calculated. 
The developed sensor can determine the consentration of Valine in the range of 0.04 to 0.16 mg/ml.

Key words Titanium dioxide, nanoparticles, optical sensor, porphyrin, amino acid
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НАНОСТРУКТУРА TiO2-ПОРФИРИН ДЛЯ ОПРЕДЕЛЕНИЯ АМИНОКИСЛОТЫ

Резюме
Разработан новый оптический датчик, основанный на наночастицах TiO2 для обнаружения 

валина (одна из двадцати стандартных аминокислот среди белков). В представленной работе 
наночастицы коммерческого TiO2  (Sigma Aldrich, размер частиц 32 нм) использовались как 
образцы датчика. Чувствительный слой был сформирован порфириновым покрытием на на-
ноструктурированную поверхность TiO2. В результате, между TiO2 наноструктурой и порфи-
рином был сформирован аморфный слой. Спектр фотолюминесценции (ФЛ) был измерен в 
диапазоне 370-900 нм до и после нанесения порфирина. Адсорбция порфирина приводила к 
уменьшению главного пика TiO2 при 510 нм и появлению дополнительного пика большой ин-
тенсивности при 700 нм. Спектры поглощения (зависимость оптической плотности от длины 
волны измеренная в интервале от 300 до 800 нм) также проявляют большие изменения; сдвиг 
края поглощения и появление дополнительных пиков. Адсорбция аминокислоты проявилась 
уменьшением интенсивности пика ФЛ обусловленная порфирином и увеличением интенсив-
ности главного пика ФЛ TiO2. Взаимодействие между поверхностью датчика и аминокислотой 
ведет к формированию новых комплексов на поверхности и является результатом уменьшени-
ем оптической активности порфирина. Была рассчитана чувствительность датчика относитель-
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но различных концентраций валина. Разработанный датчик может определять концентрацию 
валина в диапазоне 0.04 - 0.16 мг/мл.

Ключевые слова:  Диоксид титана, наночастицы, оптический датчик, порфирин, аминокис-
лота

PACS: 07.07.Df, 68.43.-h

А. Терещенко, Р. Вітер, І. Конуп, В. Іваниця, С. Гевелюк, Ю. Ішков, В. Сминтина

НАНОСТРУКТУРА TiO2-ПОРФІРИН ДЛЯ ВИЗНАЧЕННЯ АМІНОКИСЛОТИ

Резюме
Розроблено новий оптичний датчик, заснований на наночастинках TiО2 для виявлення валіну 

(одна з двадцяти стандартних амінокислот серед білків). У представленій роботі наночастинки 
комерційного TiО2  (Sigma Aldrich, розмір частинок 32 нм) використовувалися як зразки дат-
чика. Чутливий шар було сформовано порфіриновим покриттям на нано- структуровану по-
верхню TiО2. У результаті, між  наноструктурою TiО2 і порфірином було сформовано аморфний 
шар. Спектр фотолюмінесценції (ФЛ) вимірювався у діапазоні 370-900 нм до і після нанесення 
порфірина. Адсорбція порфірина призводила до зменшення головного піка TiО2 при   510 нм 
і появи додаткового піка великої інтенсивності при 700 нм. Спектри поглинання (залежність 
оптичної щільності від довжини хвилі вимірювана в інтервалі від 300 до 800 нм) також вияв-
ляють великі зміни; зсув краю поглинання і появу додаткових піків. Адсорбція амінокислоти 
проявилася зменшенням інтенсивності піка ФЛ обумовлена порфірином і збільшенням 
інтенсивності головного піка ФЛ TiО2. Взаємодія між поверхнею датчика та амінокислотою 
веде до формування нових комплексів на поверхні і має результатом зменшенням оптичної 
активності порфірину. Було розраховано чутливість датчика щодо різних концентрацій валіну. 
Розроблений датчик може визначати концентрацію валіну в діапазоні 0.04–0.16 мг/мол.

Ключові слова:  Діоксид титану, наночастинки, оптичний датчик, порфірин, амінокислота
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THERMOLELASTIC STRESSES STUDY IN NANOCOMPOSITE SYSTEM “POROUS 
SILICON – LIQUID”

In the paper the results of thermoelastic properties of nanocomposite system “porous 
silicon – liquid” study is presenting. Contribution of different mechanisms that lead 
to such system deformation under its heating was evaluated. Different sources of such 
deformation – as dynamical, related with thermal induced pressures of liquids in the pores, 
as stationary, related with forces of different nature that occur at the interface “porous 
matrix – liquid” – were compared.

1. INTRODUCTION

The main interest for modern material research 
is provided by multicomponent advanced materi-
als such as composite structures of different na-
ture. Among such system should be marked out 
the complex composite materials the separated 
components of which have very different prop-
erties. Especially its deals with materials which 
structure have been designed in vitro from the 
smallest scale up. This system can behave like 
any materials that can be found in nature [1].

For this kind of materials nanocomposite 
structures “porous solid matrix – liquid” may be 
included. From applied point of view investiga-
tions of composite system “porous silicon – liq-
uid” properties [2, 3] are very important because 
such structures appear in different fields of sci-
ence and technology (e. g. medicine, chemistry 
industry, optoelectronics [4 ], alternative energy 
craft [5 ] etc.). Under practical implementations 
this structures subjected to thermal loads that why 
investigation of elastic deformations and pres-
sures that occur in such materials is necessary.

The thermal physical properties of such in-
homogeneous structures are often investigating 
by photoacoustic techniques [6] because these 
methods are noncontact and nondestructive. 
Such methods give the possibility to exanimate 

the thermoelastic deformations of porous matrix, 
thermal induced pressures of liquid in the pore 
and even taking in consideration liquid’ moving 
in porous media. Let notice that the thermalelas-
ticity properties of complex composite systems 
“porous matrix – liquid” are ambiguous.

In the paper the results of thermaelasticity 
stresses investigations in nanocomposite systems 
“porous silicon –liquid” are presenting.

2. THERMALLY INDUCED 
DEFORMATIONS

2.1 Thermoelasticity stresses of solid state
Value of elasticity strain that occur in unbounded 
sample under it heating from the temperature T0  
to T is

              
( ) ijTij TT δ-a=e 0

here aT – coefficient of thermal expansions, dij - 
Kronecker delta.
These strain occur as results of thermoelastic 
source action, which can be estimate as

                      TKK TDa-=e=σD ,            (1)

here K -  elastic modulus, ∆T=T–T0.
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In the paper [7] the formations of photoacous-
tic response (piezoelectric type formations) in 
porous silicon on substrate was experimentally 
measurement. It was shown that expressions  de-
scribed thermoelasticity stresses in porous media 
but the elasticity modulus and thermal expansions 
coefficient must be taken in effective media ap-
proximation.

2.2 Thermally induced pressures of “porous 
matrix - liquid” composite system

Under nanocomposite system “porous matrix 
– liquid” heating beside thermoelastic source  the 
liquid expansions influence on overall sample 
stresses have been also considered

                                                             ,         (2)

here x - porosity of porous matrix, βT  - liquid ther-
mal expansions coefficient, β - liquid compressibil-

ity. For ethanol the value 15 K10108 --×=βT , 
61012751 ×=β Pa and 6103,1 ×=ββT

Pa/K respectively.
The expression  describes the source of ther-

mal induced pressures (TIP) that appeared in the 
composite structure under it heating in the case of 
viscount liquid.

In the [2] was shown that liquid’ moving in the 
pore can influence significantly on TIP distribu-
tion in the structures. So in general case

                    pTK T ξ-Da-=σD ,               (3)

here p - pressures of liquid in the pores, that in-
cluded thermal expansions and relaxations (that 
depend on liquid moving) components.
The expressions (3) do not depend on interactions 
between the solids matrix and liquids filler. This 
interaction forces can influence on general struc-
tures deformations and will analyzed more details 
in the next sections.

3. Interections between solid matrix and liquids

It is known [8]  that general deformations of 
structure “Porous matrix – liquid” depend on in-

teractions forces of different nature (such as sur-
face tension and disjoining pressure) between 
solid matrix and liquid. The pressures that caused 
by these forces from grand potential (Ω) adjusted 

( ) Ts Vp ,µ∂Ω∂= ,  μ – chemical potential.
In this sections we will experimentally esti-

mate the value of these forces and will analyzed 
its dependence on temperature.

Fig. 1 – Geometry of the experiment

3.1 Experiment and results
As sample the plate (50х5х0.53 mm) which con-
sist layer of porous silicon (thickness 0.24 mm, 
porosity 60%) on monocrystalline Si (thickness 
0.29 mm) wafer was chosen. Sample was im-
mersed in a cell with an ethanol under tempera-
ture 293 K. Under alcohol in the pores absorp-
tion the sample was bended as results of pressures 
that appeared at development interphase bound-
ary of porous silicon specific surface action [9]. 
The initial value of this bending (see fig. 1) was 
δ = 375 μm.
In the cell with the sample the temperature was 
changed slowly in diapason 285-310 K and sam-
ple’ bending was measurement. The dependence 
δ on temperature is presented at the fig.2. 
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2. THERMALLY INDUCED DEFORMATIONS 
2.1  Thermoelasticity stresses of solid state 
Value of elasticity strain that occur in unbounded sample under it heating from the temperature T0  to T is 

   ijTij TT  0   

here  – coefficient of thermal expansions, ij - Kronecker delta. 
These strain occur as results of thermoelastic source action, which can be estimate as 

 TKK T , (1) 
here K -  elastic modulus, T=T–T0. 
In the paper [7] the formations of photoacoustic response (piezoelectric type formations) in porous silicon on substrate 
was experimentally measurement. It was shown that expressions (1) described thermoelasticity stresses in porous media 
but the elasticity modulus and thermal expansions coefficient must be taken in effective media approximation. 
2.2 Thermally induced pressures of “porous matrix - liquid” composite system 
Under nanocomposite system “porous matrix – liquid” heating beside thermoelastic source (1) the liquid expansions 
influence on overall sample stresses have been also considered 

   TK TT  / , (2) 
here  - porosity of porous matrix, T  - liquid thermal expansions coefficient,  - liquid compressibility. For ethanol the 

value 
15 K10108 T , 

61012751  Pa and 
6103,1 T Pa/K respectively. 

The expression (2) describes the source of thermal induced pressures (TIP) that appeared in the composite structure under 
it heating in the case of viscount liquid. 
In the [2] was shown that liquid’ moving in the pore can influence significantly on TIP distribution in the structures. So in 
general case 

 pTK T  , (3) 
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Fig. 2 – Dependence of the bending composite 
system “porous silicon – liquid” on tempera-
ture. Let us estimate the value of pressures 
that provide the experimentally observed ini-
tially bending of the sample on the basis of bal-
ance forces and moment forces:

here SEP , Sic-E  - Young’s modulus; PSn

, Sic-n  - Poisson’s ratio; PSh Sic-h  - the 
thickness of porous monocrystalline lay-
er respectively; ps - interface pressures 

( ) SSSSSS EE PPPPPP
ˆ1 e×=e×n-=σ , 

( ) SicSicSicSicSicSic
ˆ1 ------ e×=e×n-=σ EE  

– the thermoelasticity stresses.
According to the linear law of spatial sample 

strain distribution [10] ( )bza -=e  and taking 

in account that 221 LRb δ==  (R – bending 
radius and L - the sample length) we can obtained

                                                                 (4)

here SicPS
ˆˆ

-= EEn SicPS -= hhm .
Using value of Younge’ modulus of porous sili-
con and c-Si and its Poisson’ ratio [11] the val-
ue of the interface pressures calculated by  is 

( ) 6106.49.3 ×÷=sp Pa.

Experimentally observed changing δ on tempera-
ture (dδ/dT) is negative, so the sample extension 
under heating. The change of pressures value that 
caused decreasing bending (Δδ) can be estimated 
as
                                                                     Pa /K.

Using the value of thermal expansions coefficient 
for porous silicon and c-Si [12] changing of inter-
faces pressures on temperature can be estimated 
as

                                                 Pa /K

4. Conclusions

In the paper the value of pressures that ap-
peared at interface surface “porous matrix – liq-
uid” was estimate. The dependence of these pres-
sures on temperature was presented. The results 
of experimental measurement were analyzed in 
such cases:

The porous matrix was filled by liquid;
The “porous silicon – liquid” was subjected by 

heating;
The value of the pressures where compared 

with value of thermally induced pressures ob-
tained by photoacoustic methods.

It was established that the value of thermally 
induced pressures that appeared in structure under 
it heating much more than the value of tempera-
ture changing pressures of interaction between 
solid matrix and liquid.

The results of this paper at the 2nd Internation-
al Conference “Nanomaterial: Applications and 
Properties” was presented.
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thermal induced pressures of liquids in the pores, as stationary, related with forces of different nature 
that occur at the interface “porous matrix – liquid” – were compared.
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ТЕМОУПРУГИЕ НАПРЯЖЕНИЯ В НАНОКОМПОЗИТНОЙ СИСТЕМЕ «ПОРИСТЫЙ 
КРЕМНИЙ – ЖИДКОСТЬ»

Резюме
В роботе представлены результаты исследования термоупругих напряжений, которые воз-

никают в нанокомпозитной системе «пористый кремний – жидкость». Оценен вклад различных 
механизмов, приводящих к деформациям указанных систем под воздействием теплового воз-
мущения. Проведен сравнительный анализ различных источников таких деформаций: дина-
мических, связанных с термоиндуцированным давлением жидкости в порах, и стационарных, 
связанных с силами взаимодействия различной природы, которые возникают на интерфейсе 
«пористая матрица – жидкость». 

Ключевые слова: пористый кремний, композит, термоиндуцированные деформации, тер-
моиндуцированное давление. 
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ТЕРМОПРУЖНІ НАПРУГИ В НАНОКОМПОЗИТНІЙ СИСТЕМІ «ПОРУВАТИЙ 
КРЕМНІЙ – РІДИНА»

Резюме
В роботі приведено результати дослідження термопружних напружень, що виникають у на-

нокомпозитній системі «поруватий кремній – рідина». Оцінено внесок різних механізмів, що 
призводять до деформацій вказаних систем при термічному збудженні. Проведено порівняль-
ний аналіз різних джерел таких деформацій: динамічних, зумовлених термоіндукованим тис-
ком рідини в порах, та стаціонарних, пов’язаних із силами взаємодії різної природи на інтер-
фейсі «порувата матриця –рідина».

Ключові слова: поруватий кремній, композит, термоіндуковані деформації, термоіндукова-
ний тиск.
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OPERATOR PERTURBATION THEORY TO HYDROGEN ATOM 
IN A STRONG DC ELECTRIC FIELD 

A consistent uniform quantum approach to the solution of the non-stationary state 
problems including the DC strong-field Stark effect and also scattering problem is presented. 
It is based on the operator form of the perturbation theory for the Schrödinger equation. 
The method includes the physically reasonable distorted-waves approximation in the 
frame of the formally exact quantum-mechanical procedure. The zero-order Hamiltonian 
possessing only stationary states is determined only by its spectrum without specifying 
its explicit form. The method allows calculating the resonance complex energies and 
widths plus a complete orthogonal complementary of the scattering state functions. The 
calculation results of the Stark resonance energies and widths for the hydrogen atom are 
presented and compared with other theoretical data. 

1. Introduction

The Stark  effect [1] is one of the best known 
problems in quantum mechanics, but at the same  
time one of the most difficult (outside the weak-
field region) [1-8].   A new interest in this effect 
has been stimulated  in the last two decades.  A 
range of the interesting phenomena to be studied 
includes: quasi-discrete state mixing; a zoo of the 
Landau- Zener anticrossings in non-hydrogenic 
(non-H) atoms; autoionization in non-H atoms; 
the effects of potential barriers (shape resonanc-
es); new kinds of resonances above threshold etc 
[1-63]. The dielectronic  recombination involves  
highly excited (Rydberg) atomic states, which  are 
very strongly affected by relatively weak  fields 
[3-6]. In fact these states provide the gateway for 
ion-electron recombination processes.  Now it is 
well known that weak-field effects on Rydberg 
states can cause the large changes in electron-ion 
collision cross sections.  One subject stands out 
quite clearly: possible  non-perturbative effects 
of the electric fields on the autoionization states 
responsible for  dielectronic recombination.  It is 
of a great importance for a consistent treating the 
different processes in a laser plasma, astrophysi-
cal environments etc [4-14]. Naturally in the last 
two decades a great progress has been made on 

the Stark effect  for the hydrogen atom as well as 
for non-H atoms [2-62].  

An external electric field shifts and broadens 
the bound state atomic levels.  The   standard 
quantum -mechanical approach relates complex 
eigenenergies (EE) 2/G+= iEE r  and complex ei-
genfunctions (EF) to the shape resonances.  The 
field effects drastically increase upon going from 
one excited level to another. The highest levels 
overlap forming a “new continuum” with lowered 
boundary. The calculation difficulties inherent to 
the standard  quantum mechanical approach are 
well known. Here one should mention the well-
known Dyson phenomenon. The Wentzel-Kram-
ers-Brillouin (WKB) approximation overcomes 
these difficulties for the states lying far from the “ 
new continuum” boundary. Some  modifications  
of the WKB  method [4,8,50,65,66] are intro-
duced in Stebbings and Dunning (1983), Kondra-
tovich and  Ostrovsky (1982, 1984), Popov et al 
(1988, 1990) and Glushkov, Ivanov and Letokhov 
(1975, 1992),  where the first theoretical estima-
tion of the effectiviness of the selective ioniza-
tion of the  Rydberg atom using electric and laser  
fields has been fulfilled. The usual WKB  approx-
imation applicability  is substantiated in the  case 
of a relatively weak  electric field [2,3]. One can 
show that the standard form of the WKB  method 
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trum. Brändas and Froelich (1977) [23] have 
shown that a complex scale transformation of the 
time–dependent Schrödinger equation leads to 
a symmetric EE value problem containing both 
bound states and resonance (complex)  EE values 
as solutions. They have stated the extended virial 
theorem and developed an original approach to 
determination of the resonance eigenvalues by 
means of elementary matrix manipulations. The 
error estimates for the approximate complex ei-
genvalues of the dilated Schrödinger operator are 
derived in Ref. [24], where the calculation data 
for the resonances of the DC Stark effect in the 
hydrogen are presented. In the complex-coordi-
nate method a dilation transformation is used to 
make the resonance EF square integrable. The 
resonance of nondilation analytic potentials can 
be obtained numerically by using Simons exte-
rior-scaling procedures within the finite-basis-set 
approximation [27,28].  The exterior-scaling pro-
cedure has been used only with direct numerical 
integration methods [27-30]. The use of a finite 
basis set in these calculations will enable one to 
use numerical techniques developed for bound 
states  in calculating resonance positions and 
widths for nondilation potentials [27-36]. Rao, 
Liu and Li (1994) [18]) have studied theoretically 
the DC strong-field Stark resonances  by a com-
plex-scaling plus B-spline approach and shown 
that the high accuracy is attributed to the good 
stationarity behavior of  eight trajectories with a 
well-adjusted 8-spline basis. Rao and Li (1995) 
[19] have also studied the behavior of the reso-
nances of a hydrogen atom in parallel magnetic 
and electric fields with a complex scaling plus B-
spline method too and received a consistent data 
on the corresponding resonance parameters in 
dependence upon the ratio of the magnetic-field 
strength to the electric-field strength. It is worth 
to remind that the similar approaches have been 
developed to describe the Zeemane resonances. 
Namely, for hydrogen atoms in pure magnetic 
fields, the properties of resonant states were cal-
culated by the complex scaling, the R matrix, the 
operator PT (OPT) and other methods (look, for 
example, [4-7]. The generalization of methods to 
account for the resonance interference, non-H and 
relativistic effects is still an important problem, 

applicability condition can be reformulated as 
the requirement that the examined resonances  
be well separated one from other. The  same is 
so regarding  the widespread asymptotic phase 
method (Damburg and Kolosov 1976), based on  
the Breit-Wigner parameterization for the asymp-
totic phase shift dependence on scattering energy 
and the method by Luc-Koenig and Bachelier, 
who have used a normalization constant [42,48]. 
Different calculational procedures are used in the 
Pade and then Borel summation of the divergent 
Rayleigh-Schrödinger perturbation theory (PT) 
series (Franceschini et al 1985, Popov et al 1990) 
and in the sufficiently exact numerical solution  of 
the  difference equations  following from expan-
sion of the  wave function over finite basis  (Bena-
ssi ans Grecchi 1980, Maquet et al 1983, Kolosov 
1987, Telnov 1989, Anokhin-Ivanov 1994), com-
plex-scaling method [17-55].  It should be noted 
that the latter has been extensively used to de-
scribe the resonance behavior in different atomic 
and even molecular systems.  Its mathematical 
foundation is linked with the theory of dilatation 
analyticity [27,28]. Surely, though the Hamil-
tonian of an atom in a DC electric field is not a 
dilatational analytic operator, Reinhardt [44] has 
performed the numerical experiments on the di-
agonalization of the complex-scaled Stark Hamil-
tonian for a hydrogen with a real L basis set.  The 
same method has been used by Cerjan et al. [40] 
to get new data on the ground and low-excited 
states of a hydrogen atom in a DC and AC fields. 
Farrelly and Reinhardt [47] have used the com-
plex coordinate rotation method in combination 
with numerical integration of the separated equa-
tion. Ivanov-Ho [54] have applied the method 
for the Dirac Hamiltonian. Different applications 
are reviewed in Refs. [53].   Hehenberger, McIn-
tosh and E. Brändas (1974) [21] have applied the 
Weyl’s theory to the Stark effect in the hydrogen 
atom. They have shown that one of the interest-
ing features of Weyl’s theory is that it requires a 
complex parameter and complex solutions to the 
differential equations making it a powerful tool 
for the treatment of resonance states [21]. Rittby, 
Elander and Brändas (1981) [25] have applied the 
Weyl’s theory and the complex-rotation method 
to phenomena associated with a continuum spec-
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though here a definite progress has been reached  
too. One should mention such approaches as a 
model potential method, quantum defect approxi-
mation, the OPT, complex scaling plus B-spline 
method etc [3-19, 64-75].  Regarding the quan-
tum chaos phenomenon in atoms in electromag-
netic fields (look, for example, [76-79]) note that 
this topic should not be considered here. Let us 
only note that the approach presented below to-
gether with the various methods of the theory of 
chaos in options [79-81] has been effectively used 
to describe the chaotic behavior 

of the hydrogen and non-H atoms in the mag-
netic and microwave fields. 

Here a consistent uniform quantum-mechani-
cal approach to the solution of the non-stationary 
state problems including the DC strong-field Stark 
effect and also scattering problem is presented. It 
allows calculation of complex EE and especially 
is destined for investigation of the spectral re-
gion near the new continuum boundary. The es-
sence of the method is the inclusion of the well 
known “distorted waves approximation” method 
in the frame of the formally exact PT. The zero-
order Hamiltonian H0 of this PT possesses only 
stationary bound and scattering  states. To over-
come formal difficulties, we define the zero-order 
Hamiltonian by the set of orthogonal eigenfunc-
tions (EF) and EE without specifying the explicit 
form of the corresponding zeroth-order potential. 
To ensure rapid PT convergence, a physically rea-
sonable spectrum (EE and EF)  must be chosen 
as the zero order, similar to the “distorted waves” 
method [6,56-58]. In a case of the optimal zeroth-
order spectrum, the PT smallness parameter is of 
the order of ÅG , where G  and E are the field 
width and bound energy of the state level exam-
ined. The successive PT corrections can be ex-
pressed through the matrix elements of the total 
Hamiltonian calculated between the zeroth-order 
basis functions. This method is called the OPT. 
We will define H0 so that it coincides with the to-
tal Hamiltonian H at  0⇒e  (e is the electric field 
strength.) Let us emphasize that perturbation in 
our theory does not coincide with the electric field 
potential though they disappear   simultaneously. 
We also present a generalization of the OPT for 
calculation of the DC strong field Stark effect in 

the non-H atoms in an electric field [59-61]. The 
difference between the atomic and Coulomb field 
is taken into account by introducing the quantum 
defects on a parabolic basis. The results of calcu-
lation of the Stark resonance energies and widths 
for the H atom are listed and compared with other 
theoretical and experimental data. 

2 Operator perturbation theory for DC 
strong-field Stark effect

2.1. DC strong –field Stark effect for the hy-
drogen atom

The Schrödinger equation for the electron 
function taking into account the uniform electric 
field and field of the nucleus (Coulomb units are 
used: for length, 1 unit is mZeh 22 ; for energy 1 
unit is 242 hemZ )  is [6,57]: 

[-(1 - N/Z) / r+Vm(r) + εz –1/2∆ - E ] Ψ = 0,   (1)

where E  is the electron energy, Z is the nu-
cleus charge, N is the number of electrons in the 
atomic core (for the hydrogen atom: Z=1, N=0), 
Vm is an model potential (for the hydrogen atom 
Vm=0). Firstly, we only deal with the Coulomb 
part of the electron- atomic residue interaction. 
The non-Coulomb part, as well as relativistic ef-
fects, can be approximately accounted for next 
step. The separation of  variables in the parabolic 
coordinates ( ( )xyzrzr 1tan,, -=-=+= ϕηξ ):

Ψ(ε,h,φ)=f (ε)g(h)(ε× h)|m|/2 exp(imφ)/(2π)1/2       (2)

transforms it to the system of two equations for 
the functions  f, g:

fn+
t

m 1|| +  f1+[1/2E +(β1-N/Z)/t-1/4ε(t)t] f = 0,  
                                                                             (3)

gH + | |m
t
+1 g1 + [1/2E+β2  / t + 1/4ε (t) t ] g = 0, (4)

coupled through the constraint on the separation 
constants:

                       121 =+ ββ    (5)

Ze

mZe
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For the uniform electric field ( ) ee =t .  In 
principle, the more realistic models can be consid-
ered in the framework of our approach. Potential 
energy in equation (4)  has the barrier. Two turn-
ing points for the classical motion along the η  

axis, 1t  and  2t , at a given energy E are the solu-

tions of the quadratic equation ( 01 , EE == ββ ):

t2 ={[ E2
0 - 4ε (1-b)] 1/2 - E0 }/ε ,                          (6)

t1 ={-[E2
0  - 4ε (1-β)] 1/2 - E0 }/ε,   t1< t2               (7)

Here and below t denotes the argument com-
mon for the whole equation system. To simplify 
the calculational procedure, the uniform electric 
field e  in (3) and (4)  should be substituted by the 
function [57,58]:

ε (t)  = 1
t

 ε ( )t
t

-
+

+








t t

t
t

4

4 4
                     (8)

with sufficiently large r (r=1.5t2). The function 
( )te  practically coincides with the constant e  in 

the inner barrier motion region (t<t2) and disap-
pears at t>>t2.  The minimal acceptable value 
of t introduced in the spatial dependence of the 
electric field, which does not influence the final 
results, can be established experimentally.  Thus, 
the final results do not depend on the parameter 
t  (the further calculation has entirely confirmed 
this fact). Besides the pure technical convenience, 
the case of an asymptotically disappearing elec-
tric field is more realistic from the physical point 
of view. Now we deal with the asymptotically  
free (without electric field) motion of the ejected 
electron along the h-axis. The corresponding  ef-
fective wavenumber is:

                          k = (Е/2 +εt/4)1/2.                 (9)
The scattering states energy spectrum now 

spreads over the range ( )∞+- ,2et , com-

pared with  ( )∞+∞- ,  in the uniform field. In 
contrast to the case of a free atom in scattering 
states in the presence of the uniform electric field 
remain quantified at any energy E, i.e. only defi-
nite values of 1β  are possible. The latter are de-

termined by the confinement condition for the 
motion along the h-axis. The same is true in our 

case, but only for E 





 +-⊂ etet

2
1,

2
1 .  The mo-

tion with larger E is non-quantified, similar to the 
free atom case. 

2.2 Energy and width of the Stark resonance

The total Hamiltonian ( )ϕnς ,,H  does not 
possess the bound stationary states. According to 
OPT [6, 56-58]), one has to define the zero order 
Hamiltonian H0, so that its spectrum reproduces 
qualitatively that of the initial one. In contrast to 
H, it must have only stationary states. To calculate 
the width G of the concrete quasistationary state in 
the lowest PT order one needs only two zeroth–or-

der EF of H0: bound state function ( )ϕηe ,,EbΨ  

and scattering state function ( )ϕηe ,,EsΨ  with 
the same EE. We solve a more general problem: 
a construction of the bound  state function along 
with its complete orthogonal complementary of  

scattering functions EΨ  with E 





 ∞+-⊂ ,

2
1 et . 

First, one has to define the EE of the expected 
bound state. It is the well known problem of states 
quantification in the case of the penetrable barrier 
[65,66]. Following [57], we solve the system (3) 
and (4) with the total Hamiltonian H  under the 
conditions:
                             f(t)0 at t →∞,                    (10a)
                             ax(β, E) / DE = 0              (10b)
with                           

x(b, E) = 
t⇒∞
lim [ g2 (t) + {g1(t) / k}2 ] t| m| + 1.         (11)

The first condition ensures the finiteness of 
motion along the ς -axis, the second condition 
minimizes the asymptotic oscillation amplitude 
for the function describing the motion along the 
η -axis. These two conditions quantify the bound 
energy E and separation constant 1β . We elabo-
rated a special numerical procedure for this two-
dimensional eigenvalue problem.  Our procedure 
deals repeatedly with the solving of the system 
of the ordinary differential equations (3) and (4) 
with probe pairs of  E, 1β . The corresponding EF:

ετ

ετ ετ

ετ
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yEb(ζ,η,φ)=fEb(ζ)gEb(η)(ζη)|m|/2exp(imφ)(2η)-1/2     (12)

Here  ( )tf Eb   is the solution of (3) ( with the just 
determined E, 1β ) at ( )∞⊂ ,0t   and ( )tg Eb  is the 
solution of (4) (with the same E, 1β ) at 2tt <  (in-
side barrier) and  ( ) 0=tg  otherwise.  These bound 
state EE, eigenvalue 1β  and EF for the zero-order 
Hamiltonian 0H  coincide  with those  for the to-
tal Hamiltonian H  at  0⇒e , where all the states 
can be classified  due  to the quantum numbers 

mnnn ,,, 21  (principal, parabolic, azimuthal) con-
nected with E, 1β , m by the well known expres-
sions. We preserve the mnn ,, 1  states classifica-
tion in the non-zero e  case. The scattering state 
functions:

ΨE's(ζ,η,φ)=fE's(z)gE¢’s(η)(ζη)|m|/2exp(imφ)(2π)-1/2   (13)

must be  orthogonal to the above defined bound 
state function and to each other. In addition, these 
functions must describe the motion of the ejected 
electron, i.e. sEg ′  must satisfy the equation (4) as-
ymptotically. Following the OPT ideology [57], 
we choose the next form of sEg ′ :

               gE¢s(t) = g1 (t) - z2' g2(t)              (14)
with sEf ′  and ( )tg1  satisfying the differential equa-
tions (3) and (4). The function ( )tg 2  satisfies the 
non-homogeneous differential equation, which 
differs from (4) only by the right-hand term, dis-
appearing at ∞⇒t . The total equation system, de-
termining the scattering function, reads

( 121 =′+′ ββ ). As mentioned above there remains 

motion quantification for 
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At the given E ′ , the only quantum parameter 1β ′  

is determined by the natural boundary condition: 

fE's→0 at t → ∞. Of course:  11 ββ =′ , EbsE ff =′   at 
EE =′ ; only this case is needed in the particular 

problem we deal with here. The coefficient 2z′  en-

sures the orthogonality condition 0=ΨΨ ′sEEb :

                                                                        (16)

One can check that

The imaginary part of state energy in the low-
est PT order is 
                                                                         (17)

with the total Hamiltonian H . The state functions 

EbΨ  and EsΨ  are assumed to be normalized to 1 
and by the ( )kk ′-δ  condition, accordingly. The 
action of H  on EbΨ  is defined unambiguously by 
(15):

                  (18)

The matrix elements 
sEEb H ′ΨΨ  entering the 

high-order PT corrections can be determined in 
the same way. All the two-dimensional integrals 
in (16)-(18) and the normalization coefficients 
can be expressed through the next set of one-di-
mensional integrals:

(19)

calculated with  the arbitrary normalized func-

tions Ebf , Ebg , 2f , 2g and Ebff =1 , Ebgg =1 . In 

Eb

the solving of the system of the ordinary 
differential equations (3) and (4) with probe 
pairs of  E, 1 . The corresponding EF: 
 
Eb(=fEb()gEb()()|m|/2exp(im)(2-1/2                   
                                                                    (12) 
 
Here   tf Eb   is the solution of (3) ( with the 
just determined E, 1 ) at   ,0t   and  tgEb  is 
the solution of (4) (with the same E, 1 ) at 

2tt   (inside barrier) and    0tg  otherwise.  
These bound state EE, eigenvalue 1  and EF 
for the zero-order Hamiltonian 0H  coincide  
with those  for the total Hamiltonian H  at  

0 , where all the states can be classified  
due  to the quantum numbers mnnn ,,, 21  
(principal, parabolic, azimuthal) connected 
with E, 1 , m by the well known expressions. 
We preserve the mnn ,, 1  states classification 
in the non-zero   case. The scattering state 
functions: 
 
Es(=fEs()gE’s()()|m|/2exp(im)(2-1/2                 
                                                                    (13) 
 
must be  orthogonal to the above defined 
bound state function and to each other. In 
addition, these functions must describe the 
motion of the ejected electron, i.e. sEg   must 
satisfy the equation (4) asymptotically. 
Following the OPT ideology [57], we choose 
the next form of sEg  : 

gEs(t) = g1 (t) - z2 g2(t)                                               
                                                                   (14) 
with sEf   and  tg1  satisfying the differential 
equations (3) and (4). The function  tg2  
satisfies the non-homogeneous differential 
equation, which differs from (4) only by the 
right-hand term, disappearing at t . The 
total equation system, determining the 
scattering function, reads 
 
 fEs + | |m

t
1  f Es +[1/2E + (1 - N/Z) / t-1/4  

                           (t)t] f Es = 0, 
                                                                   (15a) 
   g1+ | |m

t
1g1+[1/2E+2 /t+1/4(t)t]g1 = 0,                         

                                                                   
(15b) 
 g2+ | |m

t
1g2+[1/2E+2  / t+1/4 (t)t]g2=2gEb  

(15c) 
( 121   ). As mentioned above there 
remains motion quantification for 
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only quantum parameter 1   is determined by 
the natural boundary condition: fEs at t 
. Of course:  11   , EbsE ff    at 

EE  ; only this case is needed in the 
particular problem we deal with here. The 
coefficient 2z  ensures the orthogonality 
condition 0 sEEb : 
 
    z2  = { dd (+) f 

2
Eb()gEb ()g1 ()}/ 

        { dd (+) f 
2

Eb()gEb ()g2 () }.               
                                                                   (16) 
 
One can check that 
                    Es’| E’s  = 0  for  E’E’’. 
 
The imaginary part of state energy in the 
lowest PT order is  

ImE = /2 = |<Eb |H|Es>|2                                             
(17) 

 
with the total Hamiltonian H . The state 
functions Eb  and Es  are assumed to be 
normalized to 1 and by the  kk   condition, 
accordingly. The action of H  on Eb  is defined 
unambiguously by (15): 
 
         (H-E’) s =2|m|(2) f Es () gEb ()z2’  

                  exp (im/)/[(21/2 (+)], 
 
    Eb|H| E’s =  dd ()|m| f 

2
Eb() 

                       f2
 Es()gEb () '

2z .                        
                                                                 (18) 

The matrix elements 
sEEb H   entering the 

high-order PT corrections can be determined 
in the same way. All the two-dimensional 
integrals in (16)-(18) and the normalization 
coefficients can be expressed through the next 
set of one-dimensional integrals: 
 
                       I1 = dt fb

2(t)t|m| ,                                

the solving of the system of the ordinary 
differential equations (3) and (4) with probe 
pairs of  E, 1 . The corresponding EF: 
 
Eb(=fEb()gEb()()|m|/2exp(im)(2-1/2                   
                                                                    (12) 
 
Here   tf Eb   is the solution of (3) ( with the 
just determined E, 1 ) at   ,0t   and  tgEb  is 
the solution of (4) (with the same E, 1 ) at 

2tt   (inside barrier) and    0tg  otherwise.  
These bound state EE, eigenvalue 1  and EF 
for the zero-order Hamiltonian 0H  coincide  
with those  for the total Hamiltonian H  at  

0 , where all the states can be classified  
due  to the quantum numbers mnnn ,,, 21  
(principal, parabolic, azimuthal) connected 
with E, 1 , m by the well known expressions. 
We preserve the mnn ,, 1  states classification 
in the non-zero   case. The scattering state 
functions: 
 
Es(=fEs()gE’s()()|m|/2exp(im)(2-1/2                 
                                                                    (13) 
 
must be  orthogonal to the above defined 
bound state function and to each other. In 
addition, these functions must describe the 
motion of the ejected electron, i.e. sEg   must 
satisfy the equation (4) asymptotically. 
Following the OPT ideology [57], we choose 
the next form of sEg  : 

gEs(t) = g1 (t) - z2 g2(t)                                               
                                                                   (14) 
with sEf   and  tg1  satisfying the differential 
equations (3) and (4). The function  tg2  
satisfies the non-homogeneous differential 
equation, which differs from (4) only by the 
right-hand term, disappearing at t . The 
total equation system, determining the 
scattering function, reads 
 
 fEs + | |m

t
1  f Es +[1/2E + (1 - N/Z) / t-1/4  

                           (t)t] f Es = 0, 
                                                                   (15a) 
   g1+ | |m

t
1g1+[1/2E+2 /t+1/4(t)t]g1 = 0,                         

                                                                   
(15b) 
 g2+ | |m

t
1g2+[1/2E+2  / t+1/4 (t)t]g2=2gEb  

(15c) 
( 121   ). As mentioned above there 
remains motion quantification for 
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EE  ; only this case is needed in the 
particular problem we deal with here. The 
coefficient 2z  ensures the orthogonality 
condition 0 sEEb : 
 
    z2  = { dd (+) f 

2
Eb()gEb ()g1 ()}/ 

        { dd (+) f 
2

Eb()gEb ()g2 () }.               
                                                                   (16) 
 
One can check that 
                    Es’| E’s  = 0  for  E’E’’. 
 
The imaginary part of state energy in the 
lowest PT order is  

ImE = /2 = |<Eb |H|Es>|2                                             
(17) 

 
with the total Hamiltonian H . The state 
functions Eb  and Es  are assumed to be 
normalized to 1 and by the  kk   condition, 
accordingly. The action of H  on Eb  is defined 
unambiguously by (15): 
 
         (H-E’) s =2|m|(2) f Es () gEb ()z2’  

                  exp (im/)/[(21/2 (+)], 
 
    Eb|H| E’s =  dd ()|m| f 

2
Eb() 

                       f2
 Es()gEb () '

2z .                        
                                                                 (18) 

The matrix elements 
sEEb H   entering the 

high-order PT corrections can be determined 
in the same way. All the two-dimensional 
integrals in (16)-(18) and the normalization 
coefficients can be expressed through the next 
set of one-dimensional integrals: 
 
                       I1 = dt fb

2(t)t|m| ,                                
the solving of the system of the ordinary 
differential equations (3) and (4) with probe 
pairs of  E, 1 . The corresponding EF: 
 
Eb(=fEb()gEb()()|m|/2exp(im)(2-1/2                   
                                                                    (12) 
 
Here   tf Eb   is the solution of (3) ( with the 
just determined E, 1 ) at   ,0t   and  tgEb  is 
the solution of (4) (with the same E, 1 ) at 

2tt   (inside barrier) and    0tg  otherwise.  
These bound state EE, eigenvalue 1  and EF 
for the zero-order Hamiltonian 0H  coincide  
with those  for the total Hamiltonian H  at  

0 , where all the states can be classified  
due  to the quantum numbers mnnn ,,, 21  
(principal, parabolic, azimuthal) connected 
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in the non-zero   case. The scattering state 
functions: 
 
Es(=fEs()gE’s()()|m|/2exp(im)(2-1/2                 
                                                                    (13) 
 
must be  orthogonal to the above defined 
bound state function and to each other. In 
addition, these functions must describe the 
motion of the ejected electron, i.e. sEg   must 
satisfy the equation (4) asymptotically. 
Following the OPT ideology [57], we choose 
the next form of sEg  : 
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satisfies the non-homogeneous differential 
equation, which differs from (4) only by the 
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total equation system, determining the 
scattering function, reads 
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calculated with  the arbitrary normalized 
functions Ebf , Ebg , 2f , 2g and Ebff 1 , 

Ebgg 1 . In this notation 
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with 
N2

s= t
limX(t)/{22|m|+1[ g2

s()X2(t) +gs2()]}  

            X(t)={E/2 + ( -N/Z )/t -Е t/4}1/2                                                                  

(21) 
Remember that arbitrary normalized state 
functions are assumed in (20) and (21). The 
whole calculational procedure at known 
resonance energy E and separation parameter 

1  has been reduced to the solution of one 
system of the ordinary differential equations. 
This master system includes the differential 
equations for the state functions  Ebf , Ebg , 

Esf , Esg , as well as the equations for the 
integrals 81 II  . Thus, our calculational 
procedure is one-dimensional. The procedure 
is sufficiently simple and realized as the 
numerical code with using the fourth-order 
Runge–Kutta method of solving the 
differential equations (the atomic code 
“Superatom-ISAN-Stark”).  
 
3 Calculation results and discussion 

The calculation results for the Stark 
resonances energies and widths of the ground 
state hydrogen atom in the DC electric field 
with the strength =0.04, 0.08, 0.10, 0.80 a.u. 
are presented in table 1 and 2. The comparison 
with earlier similar results, obtained within the 
generalized WKB approximation, summation 
of divergent PT series, the numerical solution 
of the differential equations following from 
expansion of the wave function over  finite 
basis, a complex scaling plus B-spline 
calculation [15-51] shows quite acceptable 

agreement. The calculation results of the Stark 
resonances parameters for the excited state H 
atom (n=2,5,15) for different strength values 
are listed in table 3. The comparison with 
earlier similar results, obtained within the 
summation of divergent PT series, the 
numerical solution of the differential equations 
with using the finite basis expansion of the 
wave function again shows acceptable 
agreement.  
Table 1. Energies, widths (a.u.)of Stark 
resonances of ground state H atom (ε=0.04, 
0.08 a.u.). Notation: (a1) Mendelson [15], (a2) 
Alexander [17], (b1) Hehenberger-  McIntosh-
Brändas [21], (b2) Brändas-Froelich [23], (c) 
Benassi-Grecchi [46], (d) Cerjan et al. [40], (e) 
Farrelly-Reinhardt [47], (f) Franceschini-
Greechi-Silverstone [45], (g) Reinhardt [43], 
(h) Maquet-Chu-Reinhardt [41], (i) Kolosov 
[48], (j) Damburg-Kolosov [42], (k) Anokhin-
Ivanov [51], (l) Ivanov-Ho (relativistic and 
non-relativistic results respectively) [54], (m) 
Rao- Liu-Li  [18], (n) the OPT method (our 
data), (o) – Filho et al [49]. 
ε Method Er, a.u. /2, a.u. 
0.04 a1 -0.5038 - 
 a2 -0.5038 0.210-5 

 b1 -0.5037714 0.19510-5 
 b2 -0.5037715 0.19110-5 
 c -0.5037716 0.194610-5 
 f -0.5037716 0.194610-5 
 j -0.5037716 0.19510-5 
 k -0.5038 0.24810-5 
 1 -0.5037780 

-05037716 
0.20510-5 

0.19510-5 
 m -05037716 0.194610-5 
 n -05037714 0.194510-5 
 o -0503752 - 
0.08 a1 -0.5193 - 
 a2 -0.5175 0.23010-2 

 b1 -0.51756 0.22710-2 
 c -0.51756 0.227010-2 
 f -0.51756 0.227010-2 
 g -0.51756 0.226910-2 
 h -0.51756 0.227010-2 
 j -0.51749 0.225510-2 
 k -0.5176 0.22010-2 
 m -0.51756 0.227010-2 
 n -0.51757 0.227010-2 
 o -0.51745 - 
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must be  orthogonal to the above defined 
bound state function and to each other. In 
addition, these functions must describe the 
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satisfies the non-homogeneous differential 
equation, which differs from (4) only by the 
right-hand term, disappearing at t . The 
total equation system, determining the 
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this notation
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with

                (21)

Remember that arbitrary normalized state func-
tions are assumed in (20) and (21). The whole cal-
culational procedure at known resonance energy 
E and separation parameter 1β  has been reduced 
to the solution of one system of the ordinary dif-
ferential equations. This master system includes 
the differential equations for the state functions  

Ebf , Ebg , Esf , Esg , as well as the equations for 
the integrals 81 II - . Thus, our calculational pro-
cedure is one-dimensional. The procedure is suffi-
ciently simple and realized as the numerical code 
with using the fourth-order Runge–Kutta method 
of solving the differential equations (the atomic 
code “Superatom-ISAN-Stark”). 

3 Calculation results and discussion
The calculation results for the Stark reso-

nances energies and widths of the ground state 
hydrogen atom in the DC electric field with the 
strength ε=0.04, 0.08, 0.10, 0.80 a.u. are present-
ed in table 1 and 2. The comparison with earlier 
similar results, obtained within the generalized 
WKB approximation, summation of divergent PT 
series, the numerical solution of the differential 
equations following from expansion of the wave 
function over  finite basis, a complex scaling plus 
B-spline calculation [15-51] shows quite accept-
able agreement. The calculation results of the 
Stark resonances parameters for the excited state 
H atom (n=2,5,15) for different strength values 
are listed in table 3. The comparison with earlier 
similar results, obtained within the summation of 
divergent PT series, the numerical solution of the 
differential equations with using the finite basis 
expansion of the wave function again shows ac-
ceptable agreement. 

Table 1. Energies, widths (a.u.)of Stark reso-
nances of ground state H atom (ε=0.04, 0.08 a.u.). 
Notation: (a1) Mendelson [15], (a2) Alexander 
[17], (b1) Hehenberger-  McIntosh-Brändas [21], 
(b2) Brändas-Froelich [23], (c) Benassi-Grecchi 
[46], (d) Cerjan et al. [40], (e) Farrelly-Reinhardt 
[47], (f) Franceschini-Greechi-Silverstone [45], 
(g) Reinhardt [43], (h) Maquet-Chu-Reinhardt 
[41], (i) Kolosov [48], (j) Damburg-Kolosov [42], 
(k) Anokhin-Ivanov [51], (l) Ivanov-Ho (relativ-
istic and non-relativistic results respectively) 
[54], (m) Rao- Liu-Li  [18], (n) the OPT method 
(our data), (o) – Filho et al [49].
ε Method Er, a.u. G/2, a.u.
0.04 a1 -0.5038 -

a2 -0.5038 0.2×10-5

b1 -0.5037714 0.195×10-5

b2 -0.5037715 0.191×10-5

c -0.5037716 0.1946×10-5

f -0.5037716 0.1946×10-5

j -0.5037716 0.195×10-5

k -0.5038 0.248×10-5

1 -0.5037780
-05037716

0.205×10-5

0.195×10-5

m -05037716 0.1946×10-5

n -05037714 0.1945×10-5

o -0503752 -
0.08 a1 -0.5193 -

a2 -0.5175 0.230×10-2

b1 -0.51756 0.227×10-2

c -0.51756 0.2270×10-2

f -0.51756 0.2270×10-2

g -0.51756 0.2269×10-2

h -0.51756 0.2270×10-2

j -0.51749 0.2255×10-2

k -0.5176 0.220×10-2

m -0.51756 0.2270×10-2

n -0.51757 0.2270×10-2

o -0.51745 -

I2 = dt fb
2(t)t|m|+1, 

I3 = dt  gb (t) g1 (t) t|m| , 
I4= dt gb(t)g1(t)t|m|+1, 

I5 = dt  gb (t) g2 (t) t|m| , 
I6 = dt  gb(t) g2(t)t|m|+1, 

I7 = dt gb 2 (t) t|m| , 
I8 = dt gb

2 (t)t|m|+1, 
(19) 

calculated with  the arbitrary normalized 
functions Ebf , Ebg , 2f , 2g and Ebff 1 , 

Ebgg 1 . In this notation 
             ]/[32 8172
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with 
N2

s= t
limX(t)/{22|m|+1[ g2

s()X2(t) +gs2()]}  

            X(t)={E/2 + ( -N/Z )/t -Е t/4}1/2                                                                  

(21) 
Remember that arbitrary normalized state 
functions are assumed in (20) and (21). The 
whole calculational procedure at known 
resonance energy E and separation parameter 

1  has been reduced to the solution of one 
system of the ordinary differential equations. 
This master system includes the differential 
equations for the state functions  Ebf , Ebg , 

Esf , Esg , as well as the equations for the 
integrals 81 II  . Thus, our calculational 
procedure is one-dimensional. The procedure 
is sufficiently simple and realized as the 
numerical code with using the fourth-order 
Runge–Kutta method of solving the 
differential equations (the atomic code 
“Superatom-ISAN-Stark”).  
 
3 Calculation results and discussion 

The calculation results for the Stark 
resonances energies and widths of the ground 
state hydrogen atom in the DC electric field 
with the strength =0.04, 0.08, 0.10, 0.80 a.u. 
are presented in table 1 and 2. The comparison 
with earlier similar results, obtained within the 
generalized WKB approximation, summation 
of divergent PT series, the numerical solution 
of the differential equations following from 
expansion of the wave function over  finite 
basis, a complex scaling plus B-spline 
calculation [15-51] shows quite acceptable 

agreement. The calculation results of the Stark 
resonances parameters for the excited state H 
atom (n=2,5,15) for different strength values 
are listed in table 3. The comparison with 
earlier similar results, obtained within the 
summation of divergent PT series, the 
numerical solution of the differential equations 
with using the finite basis expansion of the 
wave function again shows acceptable 
agreement.  
Table 1. Energies, widths (a.u.)of Stark 
resonances of ground state H atom (ε=0.04, 
0.08 a.u.). Notation: (a1) Mendelson [15], (a2) 
Alexander [17], (b1) Hehenberger-  McIntosh-
Brändas [21], (b2) Brändas-Froelich [23], (c) 
Benassi-Grecchi [46], (d) Cerjan et al. [40], (e) 
Farrelly-Reinhardt [47], (f) Franceschini-
Greechi-Silverstone [45], (g) Reinhardt [43], 
(h) Maquet-Chu-Reinhardt [41], (i) Kolosov 
[48], (j) Damburg-Kolosov [42], (k) Anokhin-
Ivanov [51], (l) Ivanov-Ho (relativistic and 
non-relativistic results respectively) [54], (m) 
Rao- Liu-Li  [18], (n) the OPT method (our 
data), (o) – Filho et al [49]. 
ε Method Er, a.u. /2, a.u. 
0.04 a1 -0.5038 - 
 a2 -0.5038 0.210-5 

 b1 -0.5037714 0.19510-5 
 b2 -0.5037715 0.19110-5 
 c -0.5037716 0.194610-5 
 f -0.5037716 0.194610-5 
 j -0.5037716 0.19510-5 
 k -0.5038 0.24810-5 
 1 -0.5037780 

-05037716 
0.20510-5 

0.19510-5 
 m -05037716 0.194610-5 
 n -05037714 0.194510-5 
 o -0503752 - 
0.08 a1 -0.5193 - 
 a2 -0.5175 0.23010-2 

 b1 -0.51756 0.22710-2 
 c -0.51756 0.227010-2 
 f -0.51756 0.227010-2 
 g -0.51756 0.226910-2 
 h -0.51756 0.227010-2 
 j -0.51749 0.225510-2 
 k -0.5176 0.22010-2 
 m -0.51756 0.227010-2 
 n -0.51757 0.227010-2 
 o -0.51745 - 

I2 = dt fb
2(t)t|m|+1, 

I3 = dt  gb (t) g1 (t) t|m| , 
I4= dt gb(t)g1(t)t|m|+1, 

I5 = dt  gb (t) g2 (t) t|m| , 
I6 = dt  gb(t) g2(t)t|m|+1, 

I7 = dt gb 2 (t) t|m| , 
I8 = dt gb

2 (t)t|m|+1, 
(19) 

calculated with  the arbitrary normalized 
functions Ebf , Ebg , 2f , 2g and Ebff 1 , 

Ebgg 1 . In this notation 
             ]/[32 8172
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with 
N2

s= t
limX(t)/{22|m|+1[ g2

s()X2(t) +gs2()]}  

            X(t)={E/2 + ( -N/Z )/t -Е t/4}1/2                                                                  

(21) 
Remember that arbitrary normalized state 
functions are assumed in (20) and (21). The 
whole calculational procedure at known 
resonance energy E and separation parameter 

1  has been reduced to the solution of one 
system of the ordinary differential equations. 
This master system includes the differential 
equations for the state functions  Ebf , Ebg , 

Esf , Esg , as well as the equations for the 
integrals 81 II  . Thus, our calculational 
procedure is one-dimensional. The procedure 
is sufficiently simple and realized as the 
numerical code with using the fourth-order 
Runge–Kutta method of solving the 
differential equations (the atomic code 
“Superatom-ISAN-Stark”).  
 
3 Calculation results and discussion 

The calculation results for the Stark 
resonances energies and widths of the ground 
state hydrogen atom in the DC electric field 
with the strength =0.04, 0.08, 0.10, 0.80 a.u. 
are presented in table 1 and 2. The comparison 
with earlier similar results, obtained within the 
generalized WKB approximation, summation 
of divergent PT series, the numerical solution 
of the differential equations following from 
expansion of the wave function over  finite 
basis, a complex scaling plus B-spline 
calculation [15-51] shows quite acceptable 

agreement. The calculation results of the Stark 
resonances parameters for the excited state H 
atom (n=2,5,15) for different strength values 
are listed in table 3. The comparison with 
earlier similar results, obtained within the 
summation of divergent PT series, the 
numerical solution of the differential equations 
with using the finite basis expansion of the 
wave function again shows acceptable 
agreement.  
Table 1. Energies, widths (a.u.)of Stark 
resonances of ground state H atom (ε=0.04, 
0.08 a.u.). Notation: (a1) Mendelson [15], (a2) 
Alexander [17], (b1) Hehenberger-  McIntosh-
Brändas [21], (b2) Brändas-Froelich [23], (c) 
Benassi-Grecchi [46], (d) Cerjan et al. [40], (e) 
Farrelly-Reinhardt [47], (f) Franceschini-
Greechi-Silverstone [45], (g) Reinhardt [43], 
(h) Maquet-Chu-Reinhardt [41], (i) Kolosov 
[48], (j) Damburg-Kolosov [42], (k) Anokhin-
Ivanov [51], (l) Ivanov-Ho (relativistic and 
non-relativistic results respectively) [54], (m) 
Rao- Liu-Li  [18], (n) the OPT method (our 
data), (o) – Filho et al [49]. 
ε Method Er, a.u. /2, a.u. 
0.04 a1 -0.5038 - 
 a2 -0.5038 0.210-5 

 b1 -0.5037714 0.19510-5 
 b2 -0.5037715 0.19110-5 
 c -0.5037716 0.194610-5 
 f -0.5037716 0.194610-5 
 j -0.5037716 0.19510-5 
 k -0.5038 0.24810-5 
 1 -0.5037780 

-05037716 
0.20510-5 

0.19510-5 
 m -05037716 0.194610-5 
 n -05037714 0.194510-5 
 o -0503752 - 
0.08 a1 -0.5193 - 
 a2 -0.5175 0.23010-2 

 b1 -0.51756 0.22710-2 
 c -0.51756 0.227010-2 
 f -0.51756 0.227010-2 
 g -0.51756 0.226910-2 
 h -0.51756 0.227010-2 
 j -0.51749 0.225510-2 
 k -0.5176 0.22010-2 
 m -0.51756 0.227010-2 
 n -0.51757 0.227010-2 
 o -0.51745 - 

Еb Еb ЕsЕs
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Table 2. Energies and widths of the 1s H 
atom Stark resonances (ε=0.10,0.8a.u.);  Nota-
tion: (a1) Mendelson [15], (a2) Alexander [17], 
(b1) Hehenberger-McIntosh-Brändas [21], (b2) 
Brändas-Froelich [23], (c) Benassi-Grecchi [46], 
(d) Cerjan et al. [40], (e) Farrelly-Reinhardt [47], 
(f) Franceschini-Greechi-Silverstone [45], (g) 
Reinhardt [43], (h) Maquet-Chu-Reinhardt [41], 
(i) Kolosov [48], (j) Damburg-Kolosov [42], (k) 
Anokhin- Ivanov [51], (l) Ivanov-Ho [54], (m) 
Rao, Liu and Li  [18], (n) OPT method, (o) – Fil-
ho et al [49], (p)- Popov et al [65,66].
ε Method Er, a.u. G/2, a.u.
0.10 a1 -0.556 -

a2 -0.527 0.7500×10-2

b1 -0.52743 0.7250×10-2

b2 -0.52742 0.7270×10-2

c -0.527418 0.7269×10-2

d -0.527417 0.7270×10-2

f -0.527418 0.7269×10-2

g -0.527425 0.7271×10-2

h -0.527418 0.7269×10-2

i -0.527418 0.7269×10-2

j -0.526905 0.7170×10-2

1 -0.527423
-0.527418

0.7268×10-2 

0.7269×10-2

m -0.527418 0.7269×10-2

n -0.527419 0.7269×10-2

o -0.531090 -
p -0.5274 0.727×10-2

0.80 e -0.6304 0.5023
i -0.630415 0.50232
m -0.630415 0.50232
n -0.630416 0.50232

It is important to compare the theoretical val-
ues of the resonance energy and width for the 
H atom in the field ε = 16.8 kV/cm with experi-
mental data [4]. There is quite good agreement 
between theory and experiment. Note that our 
results are obtained in the first PT order, i.e. al-
ready the first PT order provides the physically 
reasonable results. Naturally its accuracy can be 
increased by an account of the next PT order. The 
range of validity of the proposed method which 

uses the Fermi golden rule is quite wide and it 
is not restricted to resonances lying far from the 
continuum boundary. 

Table 3. The energies and widths of the Stark 
resonances of the hydrogen atom (n=2,5). Nota-
tion: a, OPT calculation; b, Damburg and Ko-
losov (1976); c, Kolosov (1987); d, Benassi and 
Grecchi (1980); e, Telnov (1989); f, Popov et al 
(1990); Ex– experimental data 

(from Refs. [4, 42, 46,48,57,58,65,66]).

(n
 n

1 
n 2 

m
)

ε 
, a

.u
.

M
et

ho
d

Er
, a

.u
.

G
, a

.u
.

2 0 1 0 0,005 a 0.1426 0.102∙10-3

c 0.1426 0.106∙10-3

e 0.1426 0.106∙10-3

0,01 a 0.1661 0.108∙10-1

c 0.1661 0.109∙10-1

d 0.1661 0.109∙10-1

e 0.1661 0.109∙10-1

2 0 0 1 0.005 a 0.1272 0.267∙10-4

c 0.1272 0.262∙10-4

e 0.1272 0.262∙10-4

0.01 a 0.1345 0.637∙10-2

c 0.1345 0.628∙10-2

e 0.1345 0.628∙10-1

5 2 2 0 1.8∙10-4 a 0.2062 0.278∙10-5

b 0,2062 0.228∙10-5

f 0.2062 0.228∙10-5

f 0.2062 0.222∙10-5

15 10 4 0 3.27∙10-

6 a 1.9098∙10-3 2.782∙10-7

f 1.9095∙10-3 2.278∙10-7

Ex 1.91∙10-3 2.92∙10-7

4. Conclusions
In this paper we present the basises of a new 

uniform quantum-mechanical approach to the 
solution of the non-stationary state problems in-
cluding the DC strong-field Stark effect and also 
scattering problem. New OPT method allows suf-
ficiently exact calculating the complex EE and 
resonance widths and especially is destined for in-
vestigation of the spectral region of an atom near 
the new continuum boundary in a strong field. 
The essence of the method is the inclusion of the 
well known “distorted waves approximation” in 
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the frame of the formally exact PT.  The results 
of the calculation of the Stark resonance energies 
and widths for the hydrogen atom are presented 
and in a physically reasonable agreement with the 
best results of the alternative theoretical methods 
and experiment. It is noted that the zeroth model 
approximation, including the potential of a strong 
external electric field, can be implemented into 
the general formalism of the formally exact PT 
for many-electron atom [6,12,59-63,71-75].  The 
range of validity of the presented method which 
uses the Fermi golden rule is sufficiently wide 
and it is not restricted to resonances lying far 
from the continuum boundary. Let us conclude 
that the OPT method has been also successfully 
applied to correct description of the resonances 
of the Zeeman effect in a strong magnetic field, 
crossed electric and magnetic fields, the reso-
nances in molecular systems, as well as descrip-
tions of resonant states in nuclear systems such 
as the resonances of the compound nucleus and 
the resonances arising from the collision of heavy 
ions (nuclei), accompanied by electron-positron 
pairs production (look Refs. [6,79,82-90]).
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Abstract. 
A consistent uniform quantum approach to the solution of the non-stationary state problems includ-

ing the DC (Direct Current) strong-field Stark effect and also scattering problem is presented. It is 
based on the operator form of the perturbation theory for the Schrödinger equation. The method allows 
calculating the resonance complex energies and widths plus a complete orthogonal complementary of 
the scattering state functions. The calculation results of the Stark resonance energies and widths for 
the hydrogen atom are presented and compared with other theoretical data.  

Key words: Stark effect, hydrogen atom, DC electric field, operator perturbation theory

УДК 539.184

А. В. Глушков

ОПЕРАТОРНАЯ ТЕОРИЯ ВОЗМУЩЕНИЙ ДЛЯ ОПИСАНИЯ АТОМА  ВОДОРОДА В 
ПОСТОЯННОС ЭЛЕКТРИЧЕСКОМ ПОЛЕ 

Резюме.
Представлен новый, последовательный квантовый подход к решению проблемы нестацио-

нарных состояний, включая эффект Штарка для сильных полей, а также задачи рассеяния. Под-
ход основан на операторной теории возмущений для уравнения Шредингера. Метод позволяет 
рассчитать комплексные  энергии и ширины резонансов, а также полный ортогональный набор 
функций состояний рассеяния.  Приведены результаты расчета энергий и ширин штарковских 
резонансов для атома водорода и проведено сравнение с другими теоретическими данными.
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Резюме. 
Представлено новий послідовний квантовий підхід до вирішення проблеми нестаціонарних 

станів, включаючи ефект Штарка для сильних полів, а також задачі розсіювання. Підхід засно-
ваний на операторній теорії збурень для рівняння Шредінгера. Метод дозволяє розрахувати 
комплексні енергії та ширини резонансів плюс повний ортогональний набір функцій станів 
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NEW GEOMETRIC ATTRACTOR AND NEURAL NETWORKS 
APPROACH TO STUDYING CHAOTIC PROCESSES IN PHOTOELECTRONICS 
SYSTEMS

Nonlinear modelling of chaotic processes in systems and devices, including quantum 
electronics and photo may be based on the concept of compact geometric attractors. We 
present a new approach to analyze and predict the nonlinear dynamics of chaotic systems 
based on the concept of geometric attractors, chaos theory methods and algorithms for neural 
network simulation. Using information on the phase space evolution of the physical process 
in time and AI simulation of neural network modelling techniques can be considered as one 
of the fundamentally new approaches in the construction of global nonlinear models of the 
most effective and accurate description of the structure of the corresponding attractor.

1. Introduction

It is very well known now that multiple quan-
tum-and photoelectronics systems and devices 
could demonstrate the typical chaotic behaviour 
[1-2].  One could remind here laser and differ-
ent quantum generators, radio-technical devices, 
multi-element semiconductors etc.  To date, the 
obvious is the fact that the overwhelming number 
of physical and technical systems are   formally 
very complex, and this feature is manifested at 
different spatial and temporal scale levels [1-11]. 
Naturally, the task list for studying the dynamics 
of complex systems is not limited to the above 
examples. It is not difficult to understand that ex-
amples of such systems are the chemical systems, 
biological populations, and finally, cybernetical 
(neurocybernetical) and communication system 
and its subsystems.  

Most important, the fundamental issue in the 
description of the dynamics of the system is its 
ability to forecast its future evolution, i.e. predict-
ability of behavior. Recently, the theory of dy-
namical systems is intensively developed,  and, 
in particular, speech is about the application of 
methods of the theory to the analysis of complex 
systems that provide description of their evolu-

tionary dynamics by means solving system of dif-
ferential equations. If the studied system is more 
complicated then the greater the equations is nec-
essary for its adequate description. Meanwhile, 
examples of the systems described by  a small 
amount of equations, are known nevertheless, 
theses systems exhibit a complicated behavior. 
Probably the best-known examples of such sys-
tems are the Lorenz system, the Sinai billiard, etc. 
They are described, for example, three equations 
(i.e., in consideration included three independent 
variables), but the dynamics of their behavior over 
time shows elements of chaos (so-called “deter-
ministic chaos”). In particular, Lorentz was able 
to identify the cause of the chaotic behavior of the 
system associated with a difference in the initial 
conditions. Even microscopic deviation between 
the two systems at the beginning of the process 
of evolution leads to an exponential accumula-
tion of errors and, accordingly, their stochastic 
divergence. During the analysis of the observed 
dynamics of some characteristic parameters of 
the systems over time it is difficult to say to what 
class belongs to the system and what will be its 
evolution in the future. Many interesting exam-
ples can be reminded in the modern sstatistical 
physics, physics of non-ordered semiconductors 
etc. 
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In recent years for the analysis of time series of 
fundamental dynamic parameters  there are with 
varying degrees of success developed and imple-
mented a variety of methods, in particular, the 
nonlinear spectral and trend analysis , the study 
of Markov chains, wavelet and multifractal analy-
sis, the formalism of the matrix memory and the 
method of evolution propagators etc. Most of the 
cited approaches are defined as the methods of a 
chaos theory. In the theory of dynamical systems 
methods have been developed that allow for the 
recording of time series of one of the parameters 
to recover some dynamic characteristics of the 
system. In recent years a considerable number of 
works, including an analysis from the perspective 
of the theory of dynamical systems and chaos, 
fractal sets, is devoted to time series analysis of 
dynamical characteristics of physics and other 
systems [1-11]. In a series of papers [12-15] the 
authors have attempted to apply some of these 
methods in a variety of the physical, geophysi-
cal, hydrodynamic problems. In connection with 
this, there is an extremely important task on de-
velopment of new, more effective approaches to 
the nonlinear modelling and prediction of chaotic 
processes in physical, (in particular, quantum- and 
photo-electronics) systems. In this work we pre-
sent an advanced approach to analysis and fore-
casting nonlinear dynamics of chaotic systems, 
based on conceptions of a geometric attractor and 
neural networks modelling [11,16]. 

2. New approach to analysis of chaotic 
processes

The basic idea of the construction of our ap-
proach to prediction of chaotic properties of com-
plex systems is in the use of the traditional concept 
of a compact geometric attractor in which evolves 
the measurement data, plus the implementation of 
neural network algorithms. The existing so far in 
the theory of chaos prediction models are based 
on the concept of an attractor, and are described 
in a number of papers (e.g. [1-10]). The meaning 
of the concept is in fact a study of the evolution of 
the attractor in the phase space of the system and, 
in a sense, modelling (“guessing”) time-variable 
evolution.. 

From a mathematical point of view, it is a 
fact that in the phase space of the system an or-
bit continuously rolled on itself due to the action 
of dissipative forces and the nonlinear part of the 
dynamics, so it is possible to stay in the neighbor-
hood of any point of the orbit y (n) other points 
of the orbit yr (n), r = 1, 2, ..., NB, which come 
in the neighborhood y (n) in a completely differ-
ent times than n. Of course, then one could try 
to build different types of interpolation functions 
that take into account all the neighborhoods of the 
phase space and at the same time explain how the 
neighborhood evolve from y (n) to a whole fam-
ily of points about y (n+1). Use of the informa-
tion about the phase space in the simulation of 
the evolution of some physical (geophysical etc.) 
process in time can be regarded as a fundamental 
element in the simulation of random processes. 

In terms of the modern theory of neural sys-
tems, and neuro-informatics (e.g. [11]), the pro-
cess of modelling the evolution of the system 
can be generalized to describe some evolutionary 
dynamic neuro-equations (miemo-dynamic equa-
tions). Imitating the further evolution of a com-
plex system as the evolution of a neural network 
with the corresponding elements of the self-study, 
self- adaptation, etc., it becomes possible to sig-
nificantly improve the prediction of evolutionary 
dynamics of a chaotic system. Considering the 
neural network (in this case, the appropriate term 
“geophysical” neural network) with a certain 
number of neurons, as usual, we can introduce the 
operators Sij synaptic neuron to neuron ui uj, while 
the corresponding synaptic matrix is reduced to 
a numerical matrix strength of synaptic connec-
tions: W = | | wij | |. The operator is described by 
the standard activation neuro-equation determin-
ing the evolution of a neural network in time:

                     
                                                           

                (1)

where 1<i<N. 
Of course, there can be more complicated 
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where 1<i<N.  

Of course, there can be more 
complicated versions of the equations of 
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the theory of chaotic dynamical systems, the state 
of the neuron (the chaos-geometric interpretation 
of the forces of synaptic interactions, etc.) can be 
represented by currents in the phase space of the 
system and its the topological structure is obvi-
ously determined by the number and position of 
attractors. To determine the asymptotic behavior 
of the system it becomes crucial information as-
pect of the problem, namely, the fact of being the 
initial state to the basin of attraction of a particu-
lar attractor. 

Modelling each physical attractor by a re-
cord in memory, the process of the evolution of 
neural network, transition from the initial state 
to the (following) the final state is a model for 
the reconstruction of the full record of distorted 
information, or an associative model of pattern 
recognition is implemented.  The domain of at-
traction of attractors are separated by  separatrices 
or certain surfaces in the phase space. Their struc-
ture, of course, is quite complex, but mimics the 
chaotic properties of the studied object. Then, as 
usual, the next step is a natural construction pa-
rameterized nonlinear function F (x, a), which 
transforms:  

y(n) →  y(n + 1) = F(y(n), a),

and then to use the different ( including neural 
network) criteria for determining the parameters 
a (see below). The easiest way to implement 
this program is in considering the original 
local neighborhood, enter the model(s) of the 
process occurring in the neighborhood, at the 
neighborhood and by combining together these 
local models, designing on a global nonlinear 
model. The latter describes most of the structure 
of the attractor. 

Although, according to a classical theorem 
by Kolmogorov-Arnold -Moser, the dynamics 
evolves in a multidimensional space, the size and 
the structure of which is predetermined by the 
initial conditions, this, however, does not indicate 
a functional choice of model elements in full 
compliance with the source of random data. One 
of the most common forms of the local model is 
the model of the Schreiber type [3] (see also [10]). 

3. Construction of the model prediction

Nonlinear modelling of chaotic processes is 
based on the concept of a compact geometric at-
tractor, which evolve with measurements. Since 
the orbit is continually folded back on itself by the 
dissipative forces and the non-linear part of the 
dynamics, some orbit points yr(k), r = 1, 2, …, NB 
can be found in the neighbourhood of any orbit 
point y(k), at that the points yr(k) arrive in the 
neighbourhood of y(k) at quite different times 
than k. Then one could build the different types 
of interpolation functions that take into account 
all the neighborhoods of the phase space, and ex-
plain how these neighborhoods evolve from y (n) 
to a whole family of points about y (n + 1). Use of 
the information about the phase space in model-
ling the evolution of the physical process in time 
can be regarded as a major innovation in the mod-
elling of chaotic processes.

This concept can be achieved by construct-
ing a parameterized nonlinear function F(x, a), 
which transform y(n) to y(n+1)=F(y(n), a), and 
then using different criteria for determining the 
parameters a. Further, since there is the notion of 
local neighborhoods, one could  create a model 
of the process occurring in the neighborhood, 
at the neighborhood and by combining together 
these local models to construct a global nonlinear 
model that describes most of the structure of the 
attractor.

Indeed, in some ways the most important de-
viation from the linear model is to realize that the 
dynamics evolve in a multidimensional space, the 
size and the structure of which is dictated by the 
data. However, the data do not provide “hints” as 
to which model to select the source to match the 
random data. And the most simple polynomial 
models, and a very complex integrated models 
can lead to the asymptotic time orbits of strange 
attractors, so for part of the simulation is connect-
ed with physics. Therefore, physics is “reduced” 
to fit the algorithmic data without any interpre-
tation of the data. There is an opinion that there 
is no algorithmic solutions on how to choose a 
model for a mere data.

As shown Schreiber [3], the most common 
form of the local model is very simple :
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where D n - the time period for which a forecast. 

The coefficients )(k
ja , may be determined by a 

least-squares procedure, involving only points 
s(k) within a small neighbourhood around the 
reference point. Thus, the coefficients will 
vary throughout phase space. The fit procedure 
amounts to solving (dA + 1) linear equations for 
the (dA + 1) unknowns. 

When fitting the parameters a, several prob-
lems are encountered that seem purely technical 
in the first place but are related to the nonlinear 
properties of the system. If the system is low-
dimensional, the data that can be used for fitting 
will locally not span all the available dimensions 
but only a subspace, typically. Therefore, the lin-
ear system of equations to be solved for the fit 
will be ill conditioned. However, in the presence 
of noise the equations are not formally ill-condi-
tioned but still the part of the solution that relates 
the noise directions to the future point is meaning-
less . Note that the method presented here is not 
only because, as noted above, the choice of fitting 
requires no knowledge of physics of the process 
itself. Other modelling techniques are described, 
for example, in [3,10].

Assume the functional form of the display is 
selected, wherein the polynomials used or other 
basic functions. Now, we define a characteristic 
which is a measure of the quality of the curve fit 
to the data and determines how accurately match 
y (k + 1) with F (y (k), a), calling it by a local 
deterministic error:
  
             eD(k) = y(k + 1) - F(y(k), a).                (3)

The cost function for this error is called W (e). 
If the mapping F (y, a), constructed by us, is local, 
then one has for each adjacent to y (k) point, y (r) 
(k) (r = 1, 2, ..., NB),

         
)(r

De (k) = y(r, k + 1) - F(y(r)(k), a),        (4)

where y (r, k + 1) - a point in the phase space 
which evolves y (r, k). To measure the quality of 

the curve fit to the data, the local cost function is 
given by
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and the parameters identified by minimizing W 
(e, k), will depend on a.
Furthermore, formally the neural network 
algorithm is launched, in particular, in order to make 
training  the neural network system equivalent to 
the reconstruction and interim forecast the state 
of the neural network (respectively, adjusting the 
values of the coefficients). The starting point is a 
formal knowledge of the time series of the main 
dynamic parameters of a chaotic system, and 
then to identify the state vector of the matrix of 
the synaptic interactions ||wij|| etc. Of course, the 
main difficulty here lies in the implementation of 
the process of learning neural network to simulate 
the complete process of change in the topological 
structure of the phase space of the system and 
use the output results of the neural network to 
adjust the coefficients of the function display. The 
complexity of the local task, but obviously much 
less than the complexity of predicting the original 
chaotic processes in physical or other dynamic 
systems. 

4. Conclusions
Here we have considered an new approach to 

nonlinear modelling and prediction of chaotic 
processes in physical and other systems which is 
based on two key functional elements. Besides 
using other elements of starting chaos theory 
method the proposed approach includes the ap-
plication of the concept of a compact geometric 
attractor, and one of the neural network algo-
rithms, or, in a more general definition of a model 
of artificial intelligence. The meaning of the lat-
ter is precisely the application of neural network 
to simulate the evolution of the attractor in phase 
space, and training most neural network to predict 
(or rather, correct) the necessary coefficients of 
the parametric form of functional display.
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O. Yu. Khetselius

GEOMETRIC ATTRACTOR AND NEURAL NETWORKS APPROACH TO STUDYING 
CHAOTIC PROCESSES IN PHOTOELECTRONICS SYSTEMS

Abstract
Nonlinear modelling of chaotic processes in systems and devices, including quantum electronics 

and photo may be based on the concept of compact geometric attractors. We present a new approach 
to analyze and predict the nonlinear dynamics of chaotic systems based on the concept of geometric 
attractors, chaos theory methods and algorithms for neural network simulation. Using information on 
the phase space evolution of the physical process in time and  simulation of neural network model-
ling techniques can be considered as one of the fundamentally new approaches in the construction 
of global nonlinear models of the most effective and accurate description of the structure of the cor-
responding attractor.

Key words: electronics systems, chaotic processes, the geometric attractor neural network ap-
proach

УДК 681.322

О. Ю. Хецелиус

НОВЫЙ ПОДХОД К ИЗУЧЕНИЮ ХАОТИЧЕСКИХ ПРОЦЕССОВ В СИСТЕМАХ ФОТО-
ЭЛЕКТРОНИКИ НА ОСНОВЕ КОНЦЕПЦИИ ГЕОМЕТРИЧЕСКИХ АТТРАКТОРОВ И
НЕЙРОННО-СЕТЕВОГО МОДЕЛИРОВАНИЯ

Резюме
Нелинейное моделирование хаотических процессов в системах и устройствах, в частности, 

квантовой- и фотоэлектроники, может быть основано на концепции компактных геометриче-
ских аттракторов. Мы представляем новый подход к анализу и прогнозированию нелинейной 
динамики хаотических систем, основанный на концепции геометрических аттракторов, мето-
дах теории хаоса и алгоритмах нейросетевого моделирования. Использование информации о 
фазовом пространстве эволюции физического процесса во времени и ее имитация методами 
нейросетевого моделирования может рассматриваться в качестве одной из принципиально но-
вых идей  при построении глобальной нелинейной модели наиболее эффективного и точного 
описания структуры соответствующего аттрактора физического процесса.

Ключевые слова: системы электроники, хаотические процессы, геометрический аттрактор, 
нейросетевой подход
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УДК 681.322

О. Ю. Хецелиус

НОВИЙ ПІДХІД ДО ВИВЧЕННЯ ХАОТИЧНИХ ПРОЦЕСІВ В СИСТЕМАХ ФОТО-
ЕЛЕКТРОНІКИ НА ОСНОВІ КОНЦЕПЦІЇ ГЕОМЕТРИЧНИХ АТРАКТОРІВ І 
НЕЙРОННО- МЕРЕЖЕВОГО МОДЕЛЮВАННЯ

Резюме
Нелінійне моделювання хаотичних процесів в системах та приладах, зокрема, квантової- та 

фото електроніки, може бути засновано на концепції компактних геометричних атракторів. Ми 
представляємо новий  підхід до аналізу та прогнозування нелінійної динаміки хаотичних сис-
тем, заснованих на концепції геометричних атракторів, методах теорії хаосу та алгоритмах не-
йромережевого моделювання. Використання інформації про фазовий простір еволюції фізич-
ного процесу у часі та ії імітація методами нейромережевого моделювання може розглядатися 
в якості однієї з принципово нових ідей при побудові глобальної нелінійної моделі найбільш 
ефективного та точного опису структури відповідного аттрактора. 

Ключові слова: системи електроніки, хаотичні процеси, геометричний атрактор, нейроме-
режевий підхід
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The effect of a treatment in concentrated wet ammonia vapors on I-V characteristics of 
GaAs p-n junctions, measured in air and іn ammonia vapors, was studied. Such a treatment 
strongly enhances the sensitivity of the surface current to the water- and ammonia vapors. 
In ammonia vapors of high enough partial pressure, a maximum in the forward branch 
of I-V characteristic appeared. The treated p-n junctions have higher gas sensitivity at 
reverse bias than at forward bias. This suggests that ammonia molecules adsorption, under 
sufficiently high NH3 partial pressure, forms in the p-n junction a surface conducting 
channel with degenerated electrons. And the observed maximum in the I-V characteristic is 
explained by tunnel injection of electrons from the conducting channel to the degenerated 
p+ region.

1. INTRODUCTION
P-n junctions as gas-sensitive devices [1, 2] 

have some advantages in comparison with struc-
tures, based on oxide polycrystalline films [3, 4] 
and Shottky diodes [5, 6]. P-n junctions have high 
potential barriers for current carriers, which re-
sults in low background currents. Sensors on p-n 
junctions [1, 2] have crystal structure, high sensi-
tivity at room temperature 

In previous papers the gas sensitivity of p-n 
structures on GaAs and GaAs–AlGaAs [1, 2], 
GaP [7], InGaN [8], and Si [9, 10] was investi-
gated. It was shown that the gas sensitivity of all 
these p-n junctions is due to forming of a surface 
conducting channel in the electric field induced 
by the ammonia ions adsorbed on the surface of 
the natural oxide layer. 

The mostly interest for gas sensors on p-n 
junction are Si and GaAs. The Si p-n junctions 
can be combined in a transistor, which has much 
higher gas sensitivity than a single junction [11]. 
They can be  easy integrated into microelectronic 

circuits. And GaAs p-n junctions can have very 
high gas sensitivity [12]. 

Some tunnel effects on I-V characteristics of 
the surface current, due to ammonia molecules 
adsorption, were observed on AlGaAs-GaAs p-n 
junctions under high, of 4 kPa ammonia partial 
pressure [13]. The threshold ammonia vapors par-
tial pressure of 5 Pa for GaAs–AlGaAs p-n junc-
tions is caused by filling up the surface states at 
the middle of band gap. And the treated GaAs p-n 
junctions have a threshold ammonia vapors par-
tial pressure of 0,1 Pa [12].  Therefore the tunnel 
effects must be observed on these junctions under 
lower NH3 pressures. 

The aim of this work is a study of the influence 
of ammonia vapors on the forward and reverse 
currents in a GaAs p-n structures after a treatment 
in wet ammonia vapors of high partial pressure. 
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2. EXPERIMENT

The measurements were carried out on GaAs 
p-n structures, described in the previous paper 
[12]. The junctions were treated by durable expo-
sure in wet ammonia vapors under an NH3 partial 
pressure of 12 kPa.  I-V characteristics of the for-
ward and reverse currents were measured in air 
with various concentrations of ammonia vapors. 

Fig.1 represents I–V characteristics a p-n struc-
ture, measured in air and in air with wet ammonia 
vapors of various partial pressures. The forward 
and reverse currents increased with enhanced 
NH3 concentration. At an ammonia pressure of 
P=100Pa a pronounced  peak in the I-V curve  
was observed, witch can be ascribed to electron 
tunneling between the c–band in the surface con-
ducting channel and the v– band in the degener-
ated p+ region at the contact. It is seen that the 
reverse current is greater than forward one at the 
same ammonia pressure. It is characteristic for 
tunnel currents in tunnel- and inverted diodes. 

3. DISCUSSION  

The experimental results can be explained with 
the model, depicted in fig. 2.  Ionized ammonia 
molecules  2 are located on the natural oxide sur-
face. Their electric field bend the depletion layer 
3 and forms a n- conducting channel 4. The for-
ward current consists of two components. Arrow 
a corresponds to the through component It  of the 
current in the channel. And arrow b represents the 
current component Ii due to electron  injection 
from the channel into the p+ layer at the contact. 
The I-V curves, measured under ammonia pres-
sures P<100 Pa, are monotonous and correspond 
to the case of

   t iI I> .                                  (1)
At 100 PaP ≥  a clear maximum in the I-V curve 
apiers. And, at low enough voltages,  the forward 
and reverse currents are equal. This is character-
istic for tunnel current in p-n junction.

It is remarkable, that  the current in the mini-
mum of the I-V curve, measured at P=100 Pa, is 
lower than currents, meaeured at the same voltage 
under P= 50 Pa and P=20 Pa.  It can be explained 
as a result of the quantization of electron energy 
in the channel [14]. 

There is a triangular potential well for the elec-
trons in the channel. For the electron energy lev-
els in this well one can write [14] 

1/ 32 / 3 2 2 23 1 ,
2 4 2 *n

e FE n
m

π
   = -        

    (2)

where F is the slope of the wall; m* is the electron 
effective mass; n=1, 2, ...  Electrons in the cannel 
are located on the lowest level of the triangular 
well and, at corresponding voltages, resonantly 
tunnel to the empty states in the p+ layer. And the 
lateral mobility of the electrons on this  level is 
lower than without quantization. Therefore the 
current in the minimum in the I-V  curve  at P=100 
Pa is lower than current, measured at P=20 Pa.
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ated electrons. I–V curve of the p-n junction with 
such channel, having a pronounced peak, is char-
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There is a triangular potential well for the electrons in the 
channel. For the electron energy levels in this well one can 
write [14]  
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where F is the slope of the wall; m* is the electron effective 
mass; n=1, 2, ...  Electrons in the cannel are located on the 
lowest level of the triangular well and, at corresponding 
voltages, resonantly tunnel to the empty states in the p+ layer. 
And the lateral mobility of the electrons on this  level is 
lower than without quantization. Therefore the current in the 
minimum in the I-V  curve  at P=100 Pa is lower than 
current, measured at P=20 Pa. 

  
4. CONCLUSIONS 

 
Ammonia molecules adsorption, under sufficiently 

high NH3 partial pressure, forms in p-n GaAs a surface 
conducting channel with degenerated electrons. I–V curve of 
the p-n junction with such channel, having a pronounced 
peak, is characteristic of a tunnel diode. The electron energy 
in the channel is quantized.  

P-n junctions with degenerated p+ region have higher 
gas sensitivity at reverse bias than at forward bias. This 
effect is due to tunnel injection of electrons into the channel 
from the degenerated p+ region at a reverse bias. 

The threshold ammonia vapors partial pressure of 0,1 
Pa for GaAs junctions is caused by filling up the surface 
states at the middle of band gap during the treatment. 
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Fig. 1. I–V characteristics of a p-n structure 
in ammonia vapors of various pressures P. 

Fig 2. Schematic of a p-n structure, placed in a 
donor gas: 1 – oxide layer; 2 – іоns; 3 – 
depletion layer; 4 – conducting channel; 5 – 
surface (fast) centers; 6 – states on the oxide 
surface (slow centers). Arrows: а – direction of 
the electron movement along the channel; b – 
tunneling from the channel into the р+ region. 
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acteristic of a tunnel diode. The electron energy in 
the channel is quantized. 

P-n junctions with degenerated p+ region 
have higher gas sensitivity at reverse bias than at 
forward bias. This effect is due to tunnel injection 
of electrons into the channel from the degener-
ated p+ region at a reverse bias.

The threshold ammonia vapors partial pres-
sure of 0,1 Pa for GaAs junctions is caused by 
filling up the surface states at the middle of band 
gap during the treatment.
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Fig 2. Schematic of a p-n structure, placed in a 
donor gas: 1 – oxide layer; 2 – іоns; 3 – 
depletion layer; 4 – conducting channel; 5 – 
surface (fast) centers; 6 – states on the oxide 
surface (slow centers). Arrows: а – direction of 
the electron movement along the channel; b – 
tunneling from the channel into the р+ region. 
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O. O. Ptashchenko, F. O. Ptashchenko, V. R.Gilmutdinova

TUNNEL SURFACE CURRENT IN GaAs P-N JUNCTIONS INDUCED BY AMMONIA 
MOLECULES ADSORPTION

Abstract
The effect of a treatment in concentrated wet ammonia vapors on I-V characteristics of GaAs p-n 

junctions, measured in air and in ammonia vapors, was studied. Such a treatment strongly enhances 
the sensitivity of the surface current to the water- and ammonia vapors. In ammonia vapors of high 
enough partial pressure, a maximum in the forward branch of I-V characteristic appeared. The treated 
p-n junctions have higher gas sensitivity at reverse bias than at forward bias. This suggests that am-
monia molecules adsorption, under sufficiently high NH3 partial pressure, forms in the p-n junction a 
surface conducting channel with degenerated electrons. And the observed maximum in the I-V char-
acteristic is explained by tunnel injection of electrons from the conducting channel to the degenerated 
p+ region.

Key words: p-n junction, gas sensor, surface current; conducting channel, tunneling.
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О. О. Птащенко, Ф. О. Птащенко , В. Р. Гільмутдінова

ТУНЕЛЬНИЙ ПОВЕРХНЕВИЙ СТРУМ В P-N ПЕРЕХОДАХ НА ОСНОВІ
GaAs, ІНДУКОВАНИЙ АДСОРБЦІЄЮ МОЛЕКУЛ АМІАКУ 

Резюме
Досліджено вплив обробки у концентрованих вологих парах аміаку на ВАХ p-n переходів 

на основі GaAs, виміряних у повітрі та в парах аміаку. Така обробка різко підвищує чутливість 
поверхневого струму до парів води та аміаку. В парах аміаку достатньо високого парціально-
го тиску з’являється максимум на ВАХ.  Оброблені p-n переходи мають більш високу газову 
чутливість при зворотному зміщенні, ніж при прямому зміщенні. Це свідчить, що адсорбція 
молекул аміаку , при достатньо високих значеннях парціального тиску NH3, створює в p-n пе-
реході поверхневий провідний канал з виродженими електронами. І наявність спостереженого 
максимуму на ВАХ пояснюється тунельною інжекцією електронів із провідного каналу у ви-
роджену p+ область.

Ключові слова: p-n перехід,  газовий сенсор, поверхневий струм, провідний канал, тунелю-
вання.
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А. А. Птащенко, Ф. А. Птащенко, В. Р. Гильмутдинова

ТУННЕЛЬНЫЙ ПОВЕРХНОСТНЫЙ ТОК В P-N ПЕРЕХОДАХ НА ОСНОВЕ 
GaAs, ИНДУЦИРОВАННЫЙ АДСОРБЦИЕЙ МОЛЕКУЛ АММИАКА 

Резюме
Исследовано влияние обработки в концентрированных влажных парах аммиака на ВАХ p-n 

переходов на основе GaAs, измеренных  в воздухе и в парах аммиака. Такая обработка резко 
повышает чувствительность поверхностного тока к парам воды и аммиака. В парах аммиака с 
достаточно высоким парциальным давлением появляется максимум на ВАХ.  Обработанные 
p-n переходы имеют более высокую газовую чувствительность при обратном смещении, чем 
при прямом смещении. Это свидетельствует, что адсорбция молекул аммиака , при достаточно 
высоких значениях парциального давления NH3, создает в p-n переходе поверхностный про-
водящий канал с вырожденными электронами. И появление максимума на ВАХ объясняется 
туннельной инжекцией электронов из проводящего канала в вырожденную p+ область.

Ключевые слова: p-n переход,  газовый сенсор, поверхностный ток, проводящий канал, 
туннелирование. 
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SPECTROSCOPY OF AUTOIONIZATION STATES IN SPECTRA OF HELIUM,
BARIUM AND LEAD ATOMS: NEW SPECTRAL DATA AND CHAOS EFFECT 

We applied a generalized energy approach (Gell-Mann and Low S-matrix formalism) 
combined with the relativistic multi-quasiparticle (QP) perturbation theory (PT) with the 
Dirac-Kohn-Sham zeroth approximation to studying excites states and  autoionization 
resonances (AR) in complex atoms and ions, in particular, energies and widths for the He 
and He-like ion, barium and lead atoms, with accounting for  the exchange-correlation, 
relativistic corrections and the weak chaos effect.

1. Introduction

Traditionally an investigation of spectra, spec-
tral, radiative and autoionization characteristics 
for  heavy and superheavy elements atoms and 
multicharged ions is of a great interest for further 
development atomic and nuclear theories and dif-
ferent applications in the plasma chemistry, astro-
physics, laser physics, etc. (look Refs. [1–10]). 
Theoretical methods of calculation of the spec-
troscopic characteristics for heavy atoms and ions 
may be divided into a few main groups [1-6]. 
First, the well known, classical multi-configu-
ration Hartree-Fock method (as a rule, the rela-
tivistic effects are taken into account in the Pauli 
approximation or Breit hamiltonian etc.) allowed 
to get a great number of the useful spectral infor-
mation about light and not heavy atomic systems, 
but in fact it provides only qualitative description 
of spectra of the heavy and superheavy ions. Sec-
ond, the multi-configuration Dirac-Fock (MCDF) 
method is the most reliable version of calculation 
for multielectron systems with a large nuclear 
charge. In these calculations the one- and two-
particle relativistic effects are taken into account 
practically precisely. In this essence it should be 
given special attention to two very general and 

important computer systems for relativistic and 
QED calculations of atomic and molecular prop-
erties developed in the Oxford group and known 
as GRASP (“GRASP”, “Dirac”; “BERTHA”, 
“QED”) (look [1-5] and refs. therein). In particu-
lar, the BERTHA program embodies a new for-
mulation of relativistic molecular structure theory 
within the framework of relativistic QED. This 
leads to a simple and transparent formulation of 
Dirac-Hartree-Fock-Breit (DHFB) self-consistent 
field equations along with algorithms for molecu-
lar properties, electron correlation, and higher or-
der QED effects. The DHFB equations are solved 
by a direct method based on a relativistic gener-
alization of the McMurchie-Davidson algorithm 
[4]. In this paper we applied a new relativistic ap-
proach [11-15] to relativistic studying the excites 
states spectra and autoionization states for the 
He and He-like ion, barium and lead atoms. New 
approach in optics and spectroscopy of heavy 
atomic systems is the combined the generalized 
energy approach and the gauge-invariant QED 
many-QP PT with the Dirac-Kohn-Sham (DKS) 
“0” approximation (optimized 1QP  representa-
tion) and an accurate accounting for relativistic, 
correlation, nuclear, radiative effects. [17-20]. 
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2. Method

The generalized gauge-invariant version of the 
energy approach has been further developed in 
Refs. [12,13]. In relativistic case the Gell-Mann 
and Low formula expressed an energy shift DE 
through the QED scattering matrix including the 
interaction with as the photon vacuum field as 
the laser field. The first case is corresponding to 
definition of the traditional radiative and autoion-
ization characteristics of multielectron atom. The 
wave function zeroth basis is found from the Di-
rac-Kohn-Sham equation with a potential, which 
includes the ab initio (the optimized model poten-
tial or DF potentials, electric and polarization po-
tentials of a nucleus; the Gaussian or Fermi forms 
of the charge distribution in a nucleus are usu-
ally used) [5]. Generally speaking, the majority of 
complex atomic systems possess a dense energy 
spectrum of interacting states with essentially 
relativistic properties. Further one should realize 
a field procedure for calculating the energy shifts 
DE of degenerate states, which is connected with 
the secular matrix M diagonalization [8-12]. The 
secular matrix elements are already complex in 
the second order of the PT. Their imaginary parts 
are connected with a decay possibility. A total en-
ergy shift of the state is presented in the standard 
form:

Re Im Im 2E i E EDΕ= D + D D =-G ,

                                                                           (1)

where G is interpreted as the level width, and the 
decay possibility Ρ = G . The whole calculation 
of the energies and decay probabilities of a non-
degenerate excited state is reduced to the calcula-
tion and diagonalization of the M. The jj-coupling 
scheme is usually used. The complex  secular ma-
trix M is represented in the form [9,10]:  

            ( ) ( ) ( ) ( )0 1 2 3 .M M M M M= + + +                                                  
                                                                          (2)
where ( )0M  is the contribution of the vacuum dia-
grams of all order of PT, and ( )1M , ( )2M , ( )3M  
those of the one-, two- and three-QP diagrams 
respectively. ( )0M  is a real matrix, proportional 
to the unit matrix. It determines only the general 

level shift. We have assumed ( )0 0.M =  The di-
agonal matrix ( )1M  can be presented as a sum of 
the independent 1QP contributions. For simple 
systems (such as alkali atoms and ions) the 1QP 
energies can be taken from the experiment. Sub-
stituting these quantities into (2) one could have 
summarized  all the contributions of the 1QP di-
agrams of all orders of the formally exact QED 
PT. However, the necessary experimental quan-
tities are not often available. So, the optimized 
1-QP representation is the best one to determine 
the zeroth approximation. The correlation cor-
rections of the PT high orders are taken into ac-
count within the Green functions method (with 
the use of the Feynman diagram’s technique). All 
correlation corrections of the second order and 
dominated classes of the higher orders diagrams 
(electrons screening, polarization, particle-hole 
interaction, mass operator iterations) are taken 
into account [10-14].  In the second order, there 
are two important kinds of diagrams: polariza-
tion and ladder ones. Some of the ladder diagram 
contributions  as well as some of the 3QP dia-
gram contributions in all PT orders have  the same 
angular symmetry as the 2QP diagram contribu-
tions of the first order [10-12]. These contribu-
tions have been summarized by a modification of 
the central potential, which must now include the 
screening (anti-screening) of the core potential of 
each particle by two others. The additional poten-
tial modifies the 1QP orbitals and energies. Then 
the secular matrix is : ( ) ( )1 2M M M+ 


, where ( )1M  

is the modified 1QP matrix (diagonal), and ( )2M  
the modified 2QP one. ( )1M  is calculated by sub-
stituting the modified 1QP energies), and ( )2M  by 
means of the first PT order formulae for ( )2M , 
putting the modified radial functions of the 1QP 
states in the interaction radial  integrals. Let us 
remind that in the QED theory, the photon prop-
agator D(12) plays the role of this interaction. 
Naturally, an analytical form of D depends on 
the gauge, in which the electrodynamic potentials 
are written. In general, the results of all approxi-
mate calculations depended on the gauge. Natu-
rally the correct result must be gauge invariant. 
The gauge dependence of the amplitudes of the 
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photoprocesses in the approximate calculations is 
a well known fact and is in details investigated 
by Grant, Armstrong, Aymar-Luc-Koenig, Glush-
kov-Ivanov [1,2,5,9]. Grant has investigated the 
gauge connection with the limiting non-relativ-
istic form of the transition operator and has for-
mulated the conditions for approximate functions 
of the states, in which the amplitudes are gauge 
invariant. These results remain true in an energy 
approach as the final formulae for the probabili-
ties coincide in both approaches. In ref. [16] it has 
been developed a new version of the approach to 
conserve gauge invariance. Here we applied it to 
get the gauge-invariant procedure for generating 
the relativistic DKS orbital bases (abbreviator of 
our method: GIRPT). The autoionization width is 
defined by the square of interaction matrix ele-
ment [9]: 

                                                                         (3)
The real part of the interaction matrix element can 
be expanded in terms of Bessel functions [5,8]:

                                                                           (4)

The Coulomb part Qul
lQ  is expressed in the radial 

integrals Rl , angular coefficients Sl  as follows:
                                                                                                                                                      
                                             

                                                                         (5)
where ReQl(1243) is as follows:  

                                                                           (6)

where f is the large component of radial part of 
the 1QP state Dirac function and function Z is :                                                            

                                                                          (7)

The angular coefficient is defined by standard 
way as above [3]. The calculation of radial inte-

grals ReRl(1243) is reduced to the solution of a 
system of  differential equations:  

                                                                           (8)

In addition, у3(∞)=ReRλ(1243), у1(∞)=Xλ(13). 
The system of differential equations includes also 

equations for functions f/r|æ|-1, g/r|æ|-1, ( )1
lZ , ( )2

lZ . 
The formulas for the autoionization (Auger) decay 
probability include the radial integrals Ra(akgb), 
where one of the functions describes electron in 
the continuum state. When calculating this inte-
gral, the correct normalization of the function Ψk 
is a problem. The correctly normalized function 
should have the following asymptotic at r → 0:

                                  
                                                                           (9)

When integrating the master system, the function 
is calculated simultaneously:      

(10)
It can be shown that at r®¥, N(r)®Nk, where Nk is 
the normalization of functions  fk, gk of continu-
ous spectrum satisfying the condition (9). Other 
details can be found in refs.[10-13,16-20]. 

3. Results and conclusions

In Table 1 we present the results of our calcu-
lating energies of levels in Pb: experimental data 
and the results of the calculation method in the 
framework of the relativistic Hartree-Fock (RHF) 
(see [21] and references therein) and our theory. 
Our data are in quite good agreement with the ex-
perimental data. 

Table 2 shows our calculated result for  transi-
tion probabilities corresponding to the line 1278.9 
nm in the spectrum of Pb, together with the re-
sults of alternative theories, in particular, the 
data obtained on the basis of the calculation in 
the many approximation DF using, respectively, 
the theoretical and experimental values   of the DF 
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It can be shown that at r, N(r)Nk, where 
Nk is the normalization of functions  fk, gk of 
continuous spectrum satisfying the condition 
(9). Other details can be found in refs.[10-13,16-
20].  
 

3. Results and conclusions 
 
In Table 1 we present the results of our 

calculating energies of levels in Pb: 
experimental data and the results of the 
calculation method in the framework of the 
relativistic Hartree-Fock (RHF) (see [21] and 
references therein) and our theory. Our data are 
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Table.1. The energies of the levels of the np2, 

npn's (n = 6, n '= 7) lead (see text) 
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npn’s 3P0 
3P1 

24861 
24534 

25163 
25721 

24924 
24598 

 
Table 2 shows our calculated result for  

transition probabilities corresponding to the line 
1278.9 nm in the spectrum of Pb, together with 
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transition energy (MCDF: theor.E;  exp.E), in 
the many relativistic random phase approxima-
tion (MCRRPA), in the relativistic Hartree-Fock 
(RHF), in the intermediate-coupling approxima-
tion (ICC) and finally, the method of empirical 
MP (EMP) [22].

Table.1. 
The energies of the levels of the np2, npn’s  

(n = 6, n ‘= 7) lead (see text)

Exp. RHF RPT
np2 3P0

3P1
3P2
1D2
1S0

59821
52002
49171
38363
30354

59960
51996
49174
38301
30282

59862
52005
49172
38352
30332

npn’s 3P0
3P1

24861
24534

25163
25721

24924
24598

Table 2. 
Probability (s-1) of transition  corresponding to 

the line 1278.9 nm in Pb

RPT-EA  (our data) 6.95
MCDF (exp.Е); Horodecki et al 7.27

MCDF (theor.Е); Horodecki et al 4.29
EMP; Horodecki et al 7.50

RHF (Biemont-Quinat) 7.85
MCRRPA (Chou-Huang) 7.00

RHF (Dzuba  et al) 7.08
ICC (Garstang) 7.14
Laser absorption 6.1±1.5

In the next table 3 we present the measured and 
calculated autoionization width (cm-1) for 5d5g 
levels of the Ba atom with angular momentum J 
<6: (3) Experiment (4) Theory: HF method with 
a partial view of the correlations (Van Leeuwen 
et al; (5) R-matrix method without into account 
the effect of the polarization shells basis: 6snl 
+5 dnl (Luc-Koenig et al); (6) R-matrix method 
taking into account the polarization of the c shell 
and without dielectronic polarization interaction 
(Luc-Koenig et al); (7) R-matrix method taking 
into account the effect of the polarization of shells 

and dielectronic polarization interaction (Luc-
Koenig et al); (8) - our theory, taking full account 
of correlations. As indicated in Ref. [23]. The ex-
perimental studying of the spectrum considered 
had been performed in the remarkable work  [24]. 

Analyzing shown in Table 3 the data on mea-
sured and calculated widths for 5d5g levels of the 
Ba atom with momentum J = 6, we note that to 
reach a physically reasonable agreement between 
theory and experiment it is necessary to carry put 
a precise account of the polarization and dielec-
tronic interaction effects. This has been accurate-
ly done in the framework of our theory and the 
R-matrix method Luc-Koenig et al [24]. In the 
last paper the known polarization potentials have 
used with such a parameter as static dipole polar-
izability. In our theory we have used the multi-
particle polarization functionals [12], which have 
been obtained by summation of the PT polariza-
tion diagrams sequence in the Thoams –Fermi ap-
proximation. 
Another interesting feature of the auto resonanc-
es spectra in barium is connected with elements 
of the weak chaos. In ref. [25] we have treated 
a problem of a chaos manifestation in dynamical 
systems from the geometrical and spectral points 
point of view. There3 we have presented the theo-
retical basis’s of a consistent chaos-geometrical 
approach to treating of chaotic dynamical systems 
which combines together the non-linear analysis 
methods to dynamics, such as the wavelet analy-
sis, multi-fractal formalism, mutual information 
approach, correlation integral analysis, false near-
est neighbour algorithm, Lyapunov exponent’s 
analysis, surrogate data method etc. Applica-
tion of this approach to studying dense and very 
complicated spectrum of barium (there are taken 
into account more 400 levels and resonances, in-
cluding the Rydberg, twice excited Autoioniza-
tion resonances etc) ) has shown that one could 
find the elements of the weak chaos (the first two 
spectral Lyapunov’s exponents have positive and 
a little negative values).  
The next system to be studied is the systems of 
the autoionization resonances in helium, which 
includes states with double excited electrons. Ta-
ble 4 shows the data of our theory for the energy 
and width of the Autoionization resonance 3s3p 
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1P0, along with those of other theories (see details 
in [27] and references therein). In the next table 
5 we present some of the theoretical and experi-
mental data on the energy and the width of the 
resonance 3s3p 1P0,  (theoretical): our theory, the 
method of complex rotation method diagonaliza-
tion MHF R-matrix method; Experiment: NIST 
(NBS 2SO-MeV electron synchrotron storage 
ring (SURF-II)), Wisconsin laboratory (Wiscon-
sin Tantalus storage ring), Stanford Synchrotron 
Radiation Laboratory (SSRL), Berlin electron 
storage ring (BESSY), Daresbury Synchrotron 
Radiation Source (DSRS) [27].  With regard to 
the data  of different methods it should be noted 
that these data are different theories degree of 
agreement with the experimental data. Surely, the 
value of of any theory is determined by not only 
the studying the helium atom, but also of other 
atoms, as well as the level of complexity of the 
computational procedure. In this sense, the meth-
od of complex rotation stand, MHF, R-matrix ap-
proach is now actively used in different tasks. 

The results of our theory is physically reason-
able, fairly good agreement with the experimental 
data obtained in a number of well-known labora-
tories.

Table 3. The measured and calculated autoioniza-
tion width (cm-1) for 5d5g levels of the Ba atom 
with angular momentum J <6: 
(3) Experiment (4) Theory: HF method (5) R-
matrix method without account of polarization; 
(6) R-matrix method with account  polarization 
and without dielectronic interaction; (7) R-matrix 
method with account of polarization of  and di-
electronic interaction; (8) - our theory

1:j K J 2: εl (3) (4) (5)

5d3/2 5/2 2 εd 0.062(4) 0.0074 0.077

5d3/2 5/2 3 εd 0.056(5) 0.0074 0.048

5d3/2 7/2 3 εg 0.34(3) 1.96 2.34

5d3/2 7/2 4 εg 0.34(3) 1.96 2.41

5d3/2 9/2 4 εg 0.18(2) 1.00 1.11

5d3/2 9/2 5 εg 0.18(2) 1.00 1.19

5d3/2 11/2 5 εi - 2.90 3.19

5d3/2 11/2 6 εi - 2.90 3.20

5d5/2 3/2 1 εd 0.046(3) 0.012 0.038

5d5/2 3/2 2 εd 0.057(4) 0.012 0.077

5d5/2 5/2 2 εd 0.0107(15) 0.0041 0.025

5d5/2 5/2 3 εd 0.0174(23) 0.0041 0.017

5d5/2 7/2 3 εg 0.29(3) 1.43 1.61

5d5/2 7/2 4 εg 0.29(3) 1.43 1.73

5d5/2 9/2 4 εg 0.43(4) 2.29 2.57

5d5/2 9/2 5 εg 0.43(4) 2.29 2.71

5d5/2 11/2 5 εi 0.28(3) 0.45 0.56

5d5/2 11/2 6 εi 0.32(3) 0.45 0.55

5d5/2 13/2 6 εi - 3.37 3.95

1:j K J 2: εl (6) (7) (8)

5d3/2 5/2 2 εd 0.072 0.018 0.058

5d3/2 5/2 3 εd 0.046 0.025 0.055

5d3/2 7/2 3 εg 0.12 0.34 0.34

5d3/2 7/2 4 εg 0.12 0.33 0.33

5d3/2 9/2 4 εg 0.11 0.23 0.20

5d3/2 9/2 5 εg 0.11 0.23 0.19

5d3/2 11/2 5 εi 1.44 1.74 1.52

5d3/2 11/2 6 εi 1.44 1.73 1.51

5d5/2 3/2 1 εd 0.066 0.041 0.044

5d5/2 3/2 2 εd 0.061 0.025 0.053

5d5/2 5/2 2 εd 0.023 0.008 0.009

5d5/2 5/2 3 εd 0.021 0.013 0.015

5d5/2 7/2 3 εg 0.13 0.29 0.28

5d5/2 7/2 4 εg 0.13 0.31 0.30

5d5/2 9/2 4 εg 0.22 0.48 0.45

5d5/2 9/2 5 εg 0.22 0.48 0.46

5d5/2 11/2 5 εi 0.25 0.30 0.28

5d5/2 11/2 6 εi 0.25 0.30 0.29

5d5/2 13/2 6 εi 1.83 2.15 2.17
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Table 4. Energy and width of the resonance 3s3p 
1P0 (theoretical): our theory, the method of com-
plex rotation (MCR), the algebraic close coupling 
(ACC), a method of diagonalization (DM), mul-
ticonf. HF, R-matrix method, the adiabatic po-
tential curves method (APC), L2 technique with 
using the Sturmian expansions, Feshbach method 
(FM), K -matrix (KM)

Method Er (Ry) Г/2 (Ry)

PT-EA
MCR  
ACC
MD
MHF
R-matr
APC 
APC
L2 tech.
FM
KM

This
Ho 
Wakid etaa
Senashenko 
Nicolaides 
Hayes-Scott
Koyoma et al 
Sadeghpour
Gershacher
Wu et al
Moccia et al

-0.668802
-0.671252
-0.670
-0.6685
-0.671388
-0.6707
-0.6758
-0.67558
-0.67114
-0.669 27
-0.670 766

0.006814
0.007024
0.00695
0.00548
     -
0.00660
     -
     -
0.00704
0.00420
0.00676

Table 5.  Theoretical and experimental data on 
the energy and the width of the resonance 3s3p 
1P0,  (theoretical): our theory, the method of com-
plex rotation method diagonalization MHF R-ma-
trix method; Experiment: NIST (NBS), Wiscon-
sin (Wisconsin storage ring), Stanford - SSRL; 
Berlin-BESSY; Daresbury-DSRS.

Er (eV) Г/2 (eV)
This
MCR 
MHF
R-matr.
NBS
Wisconsin
SSRL
BESSY 
DSRS

69.9055
69.8722
69.8703
69.8797
69.919±0.007
69.917±0.012
69.917±0.012
69.914±0.015
69.880±0.022

0.1854
0.1911
     -
0.1796
0.132±0.014
0.178±0.012
0.178±0.012
0.200±0.020
0.180±0.015
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NON-LINEAR OPTICS AND SPECTROSCOPY OF ATOMIC AND LASER SYSTEMS 
WITH ELEMENTS OF A CHAOS

The whole class of modern problems of the nonlinear optics and spectroscopy of 
the atomic and laser systems is considered from the point of view of a chaos theory. An 
advanced techniques of using the non-linear analysis methods and chaos theory such as 
the wavelet analysis, multi-fractal formalism, mutual information approach, correlation 
integral analysis, false nearest neighbour algorithm, Lyapunov exponent’s analysis, and 
surrogate data method are used in studying the cited problems.

1. Introduction

As it is well known in the modern quantum 
electronics, photoelectronics etc there are many 
physical systems (multielement semiconductors 
and gas lasers, different radiotechnical devices 
etc), which should  be considered in the first ap-
proximation as set of autogenerators, coupled by 
different way (c.f.[1,2]). The typical schemes of 
different autogenerators (semiconductor quan-
tum generators, coupled by means optical wave-
guide etc) are presented in refs. [1,2].  The key 
aspect of studying the dynamics of these sys-
tems is analysis of the temporal set for charac-
teristic signals. In refs.[1-4] it has been numeri-
cally studied a regular and chaotic dynamics of 
the system of the Van-der-Poll autogenerators 
with account of  finiteness of the signals propa-
gation time between them and also with special 
kind of inter-oscillators interaction forces. Chaos 
theory establishes that apparently complex irreg-
ular behaviour could be the outcome of a simple 
deterministic system with a few dominant non-
linear interdependent variables. The past decade 
has witnessed a large number of studies employ-
ing the ideas gained from the science of chaos to 
characterize, model, and predict the dynamics of 
various systems phenomena (c.f.[1-25]). The out-
comes of such studies are very encouraging, as 
they not only revealed that the dynamics of the 

apparently irregular phenomena could be under-
stood from a chaotic deterministic point of view 
but also reported very good predictions using 
such an approach for different systems. Here we 
consider some problems of the nonlinear optics 
and spectroscopy of the atomic and laser systems 
from the point of view of a chaos theory, namely 
we consider the hydrogen atom and laser with 
absorbing cell. An advanced techniques of using 
the non-linear analysis methods and chaos theory 
such as the wavelet analysis, multi-fractal formal-
ism, mutual information approach, correlation in-
tegral analysis, false nearest neighbour algorithm, 
Lyapunov exponent’s analysis, and surrogate data 
method are applied to these systems.

2. Advanced technique of a chaos theory in 
optics and spectroscopy

In this section we briefly present an ad-
vanced technique of nonlinear analysis meth-
ods and chaos theory following to the Refs. [2-
4,24,25]. Let us consider scalar measurements 
s(n) = s(t0 + nDt) = s(n), where t0 is the start time, 
Dt is the time step, and is n the number of the 
measurements. In a general case, s(n) is any time 
series, particularly the amplitude level of any 
optical or spectroscopic characteristics. Since 
processes resulting in the chaotic behaviour are 
fundamentally multivariate, it is necessary to re-
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construct phase space using as well as possible 
information contained in the s(n). Such a recon-
struction results in a certain set of d-dimensional 
vectors y(n) replacing the scalar measurements. 
Packard et al. [7] introduced the method of using 
time-delay coordinates to reconstruct the phase 
space of an observed dynamical system. The di-
rect use of the lagged variables s(n + t), where 
t is some integer to be determined, results in a 
coordinate system in which the structure of or-
bits in phase space can be captured. Then using 
a collection of time lags to create a vector in d 
dimensions,

          y(n) = [s(n), s(n + t), s(n + 2t), …, 

                           s(n + (d-1)t)],                         (1)

the required coordinates are provided. In a non-
linear system, the s(n + jt) are some unknown 
nonlinear combination of the actual physical vari-
ables that comprise the source of the measure-
ments. The dimension d is called the embedding 
dimension, dE. Example of the Lorenz attractor 
given by Abarbanel et al. [5,6] is a good choice to 
illustrate the efficiency of the method.

According to Mañé [13] and Takens [12],  any 
time lag will be acceptable is not terribly useful 
for extracting physics from data. If t is chosen 
too small, then the coordinates s(n + jt) and 
s(n + (j + 1)t) are so close to each other in numerical 
value that they cannot be distinguished from each 
other. Similarly, if t is too large, then s(n + jt) 
and s(n + (j + 1)t) are completely independent of 
each other in a statistical sense. Also, if t is too 
small or too large, then the correlation dimension 
of attractor can be under- or overestimated 
respectively [8,18]. It is therefore necessary to 
choose some intermediate (and more appropriate) 
position between above cases. First approach is to 
compute the linear autocorrelation function

∑

∑

=

=

-

--δ+
=δ N

m

N

m
L

sms
N

smssms
NC

1

2

1

])([1

])(][)([1

)( ,            (2)

where    ∑
=

=
N

m
ms

N
s

1
)(1 , and to look for that time 

lag where CL(d) first passes through zero (see 

[18]). This gives a good hint of choice for t at that 
s(n + jt) and s(n + (j + 1)t) are linearly independent. 
However, a linear independence of two variables 
does not mean that these variables are nonlinearly 
independent since a nonlinear relationship can 
differs from linear one. It is therefore preferably 
to utilize approach with a nonlinear concept of in-
dependence, e.g. the average mutual information. 
Briefly, the concept of mutual information can be 
described as follows. Let there are two systems, A 
and B, with measurements ai and bk. The amount 
one learns in bits about a measurement of ai from 
a measurement of bk is given by the arguments of 
information theory [9] as
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where the probability of observing a out of the set 
of all A is PA(ai), and the probability of finding b 
in a measurement B is PB(bi), and the joint prob-
ability of the measurement of a and b is PAB(ai, bk). 
The mutual information I of two measurements ai 
and bk is symmetric and non-negative, and equals 
to zero if only the systems are independent. The 
average mutual information between any value ai 
from system A and bk from B is the average over 
all possible measurements of IAB(ai, bk),                                                           
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),(),()(            (4)

To place this definition to a context of observa-
tions from a certain physical system, let us think 
of the sets of measurements s(n) as the A and of 
the measurements a time lag t later, s(n + t), as 
B set. The average mutual information between 
observations at n and n + t is then

          ∑=t
ki ba

kiABkiABAB baIbaPI
,

),(),()( .          (5)

Now we have to decide what property of I(t) 
we should select, in order to establish which 
among the various values of t we should use in 
making the data vectors y(n). In ref. [11] it has 
been suggested, as a prescription, that it is nec-
essary to choose that t where the first minimum 
of I(t) occurs. On the other hand, the autocorre-
lation coefficient failed to achieve zero, i.e. the 
autocorrelation function analysis not provides us 

AB

AB

AB
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with any value of t. Such an analysis can be cer-
tainly extended to values exceeding 1000, but it is 
known [15] that an attractor cannot be adequate-
ly reconstructed for very large values of t. The 
mutual information function usually [4] exhibits 
an initial rapid decay (up to a lag time of about 
10) followed more slow decrease before attaining 
near-saturation at the first minimum. 

One could remind that the autocorrelation 
function and average mutual information can be 
considered as analogues of the linear redundancy 
and general redundancy, respectively, which was 
applied in the test for nonlinearity. If a time se-
ries under consideration have an n-dimensional 
Gaussian distribution, these statistics are theoreti-
cally equivalent as it is shown by Paluš (see [15]). 
The general redundancies detect all dependences 
in the time series, while the linear redundancies 
are sensitive only to linear structures. Further, a 
possible nonlinear nature of process resulting in 
the vibrations amplitude level variations can be 
concluded.

The goal of the embedding dimension determi-
nation is to reconstruct a Euclidean space Rd large 
enough so that the set of points dA can be unfolded 
without ambiguity. In accordance with the em-
bedding theorem, the embedding dimension, dE, 
must be greater, or at least equal, than a dimen-
sion of attractor, dA, i.e. dE > dA. In other words, 
we can choose a fortiori large dimension dE, e.g. 
10 or 15, since the previous analysis provides us 
prospects that the dynamics of our system is prob-
ably chaotic. However, two problems arise with 
working in dimensions larger than really required 
by the data and time-delay embedding [5,6,18]. 

First, many of computations for extracting in-
teresting properties from the data require searches 
and other operations in Rd whose computational 
cost rises exponentially with d. Second, but more 
significant from the physical point of view, in the 
presence of noise or other high dimensional con-
tamination of the observations, the extra dimen-
sions are not populated by dynamics, already cap-
tured by a smaller dimension, but entirely by the 
contaminating signal. In too large an embedding 
space one is unnecessarily spending time work-
ing around aspects of a bad representation of the 
observations which are solely filled with noise. It 

is therefore necessary to determine the dimension 
dA.

There are several standard approaches to re-
construct the attractor dimension (see, e.g., 
[5,6,15]), but let us consider in this study two 
methods only. The correlation integral analysis 
is one of the widely used techniques to investi-
gate the signatures of chaos in a time series. The 
analysis uses the correlation integral, C(r), to dis-
tinguish between chaotic and stochastic systems. 
To compute the correlation integral, the algorithm 
of Grassberger and Procaccia [10] is the most 
commonly used approach. According to this al-
gorithm, the correlation integral is 
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where H is the Heaviside step function with 
H(u) = 1 for u > 0 and H(u) = 0 for u £ 0, r is the 
radius of sphere centered on yi or yj, and N is the 
number of data measurements. If the time series 
is characterized by an attractor, then the integral 
C(r) is related to the radius r given by
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where d is correlation exponent that can be de-
termined as the slop of line in the coordinates 
log C(r) versus log r by a least-squares fit of a 
straight line over a certain range of r, called the 
scaling region. If the correlation exponent attains 
saturation with an increase in the embedding di-
mension, then the system is generally considered 
to exhibit chaotic dynamics. The saturation value 
of the correlation exponent is defined as the cor-
relation dimension (d2) of the attractor. The near-
est integer above the saturation value provides the 
minimum or optimum embedding dimension for 
reconstructing the phase-space or the number of 
variables necessary to model the dynamics of the 
system. On the other hand, if the correlation ex-
ponent increases without bound with increase in 
the embedding dimension, the system under in-
vestigation is generally considered stochastic. 

There are certain important limitations in the 
use of the correlation integral analysis in the 
search for chaos. For instance, the selection of 
inappropriate values for the parameters involved 
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in the method may result in an underestimation 
(or overestimation) of the attractor dimension 
[8]. Consequently, finite and low correlation di-
mensions could be observed even for a stochas-
tic process [18]. To verify the results obtained by 
the correlation integral analysis, we use surrogate 
data method.

The method of surrogate data [16] is an ap-
proach that makes use of the substitute data gen-
erated in accordance to the probabilistic structure 
underlying the original data. This means that 
the surrogate data possess some of the proper-
ties, such as the mean, the standard deviation, 
the cumulative distribution function, the power 
spectrum, etc., but are otherwise postulated as 
random, generated according to a specific null 
hypothesis. Here, the null hypothesis consists of a 
candidate linear process, and the goal is to reject 
the hypothesis that the original data have come 
from a linear stochastic process. One reasonable 
statistics suggested by Theiler et al. [16] is ob-
tained as follows.

If we denote Qorig as the statistic computed for 
the original time series and Qsi for the ith surro-
gate series generated under the null hypothesis 
and let ms and ss denote, respectively, the mean 
and standard deviation of the distribution of Qs, 
then the measure of significance S is given by                                                                     

                  
s

sorigQ
S

σ

µ-
=

||
                          (8)

An S value of ~2 cannot be considered very sig-
nificant, whereas an S value of ~10 is highly sig-
nificant [16]. The details on the null hypothesis 
and surrogate data generation are described in 
ref. [18]. To detect nonlinearity in the amplitude 
level data, the one hundred realizations of sur-
rogate data sets were generated according to a 
null hypothesis in accordance to the probabilistic 
structure underlying the original data. The corre-
lation integrals and the correlation exponents, for 
embedding dimension values from 1 to 20, were 
computed for each of the surrogate data sets using 
the Grassberger-Procaccia algorithm as explained 
earlier. 

Often, a significant difference in the estimates 
of the correlation exponents, between the origi-
nal and surrogate data sets, can be observed. In 

the case of the original data, a saturation of the 
correlation exponent is observed after a certain 
embedding dimension value (i.e., 6), whereas the 
correlation exponents computed for the surrogate 
data sets continue increasing with the increasing 
embedding dimension. The high significance val-
ues of the statistic indicate that the null hypothe-
sis (the data arise from a linear stochastic process) 
can be rejected and hence the original data might 
have come from a nonlinear process.

It is worth consider another method for de-
termining dE, namely, a method of false nearest 
neighbours.  In practice, the percentage of false 
nearest neighbours is determined for each dimen-
sion d. A value at which the percentage is almost 
equal to zero can be considered as the embedding 
dimension. In ref. [4] under studying the chaotic 
dynamics of the quantum generat0rs was shown 
that the percentage of false neighbours drops to 
almost zero at 4 or 5, i.e. a four or five-dimen-
sional phase-space is necessary to represent the 
dynamics (or unfold the attractor) of the ampli-
tude level series. From the other hand, the mean 
percentage of false nearest neighbours computed 
for the surrogate data sets decreases steadily but 
at 20 is about 35%. Such a result seems to be in 
close agreement with that was obtained from the 
correlation integral analysis, providing further 
support to the observation made earlier regarding 
the presence of low-dimensional chaotic dynam-
ics in the amplitude level variations.

The Lyapunov exponents are the dynamical 
invariants of the nonlinear system. In a 
general case, the orbits of chaotic attractors 
are unpredictable, but there is the limited 
predictability of chaotic physical system, which 
is defined by the global and local Lyapunov 
exponents. A negative exponent indicates a local 
average rate of contraction while a positive value 
indicates a local average rate of expansion. In 
the chaos theory, the spectrum of Lyapunov 
exponents is considered a measure of the effect 
of perturbing the initial conditions of a dynamical 
system. Note that both positive and negative 
Lyapunov exponents can coexist in a dissipative 
system, which is then chaotic. Since the Lyapunov 
exponents are defined as asymptotic average rates, 
they are independent of the initial conditions, and 
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therefore they do comprise an invariant measure 
of attractor. In fact, if one manages to derive the 
whole spectrum of Lyapunov exponents, other 
invariants of the system, i.e. Kolmogorov entropy 
and attractor’s dimension can be found. The 
Kolmogorov entropy, K, measures the average 
rate at which information about the state is lost 
with time. An estimate of this measure is the sum 
of the positive Lyapunov exponents. The inverse 
of the Kolmogorov entropy is equal to the average 
predictability. The estimate of the dimension of 
the attractor is provided by the Kaplan and Yorke 
conjecture (see [15,18]). There are several ap-
proaches to computing the Lyapunov exponents 
(see, e.g., [5,6,18]). One of them [18] is in com-
puting the whole spectrum and based on the Jac-
obin matrix of the system function [14]. To cal-
culate the spectrum of Lyapunov exponents from 
the amplitude level data, one could determine the 
time delay t and embed the data in the four-di-
mensional space. In this point it is very impor-
tant to determine the Kaplan-Yorke dimension 
and compare it with the correlation dimension, 
defined by the Grassberger-Procaccia algorithm. 
The estimations of the Kolmogorov entropy and 
average predictability can further show a limit, up 
to which the amplitude level data can be on aver-
age predicted. Surely, the important moment is a 
check of the statistical significance of results.  

3. Atomic system in electromagnetic field 
and Laser with absorbing cell: Chaotic dy-
namics

One of actual problem of modern optics and 
spectroscopy of atomic systems is their behaviour 
in an external field. The classical task is study-
ing a dynamics of a hydrogen atom in an exter-
nal microwave field. This problem has been in 
details studied in Refs. [6-8] from the point of 
view of classical mechanics. Here we apply the 
above presented method to it.  As the first exam-
ple of chaotic atomic systems, in figures 1,2 we 
present the characteristic behaviour of the ioni-
zation probability for the hydrogen atom in the 
microwave electromagnetic field and correlation 
dimension results for chaotic dynamics (the re-
lationship between the correlation exponent and 
embedding dimension values).  
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Fig.1. Characteristic behaviour of the ioniza-
tion probability for the hydrogen atom in the 
microwave electromagnetic field [25]
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Fig.2. The relationship between correlation ex-
ponent and embedding dimension values
the hydrogen atom in the microwave electro-
magnetic field)

As it can be seen, the correlation exponent 
value increases with embedding dimension up 
to a certain value, and then saturates beyond that 
value. The saturation of the correlation exponent 
beyond a certain embedding dimension is an in-
dication of the existence of deterministic dynam-
ics. The saturation value of the correlation expo-
nent, i.e. correlation dimension of attractor, for 
the amplitude level series is about 1.8 and occurs 
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at the embedding dimension value of 6.The low, 
non-integer correlation dimension value indicates 
the existence of low-dimensional chaos in the dy-
namics of the hydrogen atom in the microwave 
electromagnetic field . the same picture has been 
found for the vibrations dynamics of the autogen-
erators [4]. The nearest integer above the correla-
tion dimension value can be considered equal to 
the minimum dimension of the phase-space es-
sential to embed the attractor. The value of the 
embedding dimension at which the saturation of 
the correlation dimension occurs is considered to 
provide the upper bound on the dimension of the 
phase-space sufficient to describe the motion of 
the attractor. Furthermore, the dimension of the 
embedding phase-space is equal to the number 
of variables present in the evolution of the sys-
tem dynamics. The results of such studying can 
indicate that to model the dynamics of process re-
sulting in the amplitude level variations the mini-
mum number of variables essential is equal to 4 
and the number of variables sufficient is equal to 
6. Therefore, the amplitude level attractor should 
be embedded at least in a four-dimensional phase-
space. The results can indicate also that the upper 
bound on the dimension of the phase-space suf-
ficient to describe the motion of the attractor, and 
hence the number of variables sufficient to model 
the dynamics of process resulting in the level var-
iations is equal to 6.

We performed a calculation of the energies 
and widths of the resonances in the hydrogen 
atom for the parameters of the external mag-
netic field corresponding to Kleppnera experi-
ments and calculations using the models of the 
IWC and TMM [7,37,52]. The classical dynam-
ics of the system depends on the scaled energy 
: e=Еg-2./3 and is completely chaotic at e>-0.12. 
Detected resonances correspond in the experi-
ments Kleppner etal. (look the review in [24]) are 
related to the already chaotic regime in the dy-
namics of the system. Examined several ranges 
of values   of the magnetic field and, in particular, 
the value of В 6Т. There are analyzed fully con-
vergent series of resonances in the energy ranges: 
[(n-0.5)g, (n-0.3g] for n=1,2,3,4.  Rydberg se-
ries of resonances are converging to the Landau 
ionization limit: Eion(nr) =( nr+1/2) g. At each in-

terval there is studied the distribution of levels 
and widths. For the energy interval between the 
first and second outside ionization (nr=0, only 
one channel is open), the ratio of average width 
to average levels interval is equal [25]: Gav/DEav 
=0.22±0.01 , that is agreed with results, obtained 
on the basis of the complex coordinates method 
(CCM):                                                   Gav/
DEav =0,23±0,01. Respectively, it can be written 
for the n opened channels: Gav/DEav =0,23n (in 
the CCM), Gav/DEav =0,22n (on the operator per-
turbation theory=OPT). To identify the statistical 
properties of the resonance it has been normal-
ized the levels and widths interval with respect to 
the mean. The above determined value Gav/DEav 
=0.22±0.01 is used used to scan the distribution 
of widths. Figure 3  shows the integral distribu-
tion of the energy levels:     N(s)=

∫
s

dxxP
0

)(  ,calcu-
lated within the random matrix theory (RMT), ad-
vanced OPT model (look [24,25]). Each system 
in Figure 3 corresponds to a fixed number of open 
channels intervals: a, b, c, d correspond to the 
number of open channels 1,2,3,4. The notations 
are used as follows: dotted line-prediction mod-
els RMT, the line points - CCM model and our 
model [25], solid line - model 2D-OPT. As can be 
seen between the results of calculations within all 
three models have a fairly good agreement.
    

Fig. 3. The integral (cumulative) distribution 
of the energy intervals for the resonances in 
the hydrogen atom in a magnetic field 6Т.

It is important to note that for n=1 all distributions 
are satisfying to the Porter-Thomas distribution: 

],2/exp[)}2/(){( 1)2/(2/
av

nn
avn nP GG-GGG1/(2=)G -

(9)
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where n-number of open channels, Г(n/2) is the 
gamma function (not to be confused with a width 
Г). The density of states in the middle of the each 
Landau channel is: to our data ~ 33 resonances at 
cm-1, according to the CMM model ~ 40 cm-1, that 
is in good agreement with the experimental value 
of 30 resonances cm-1 . The average width of the 
resonance is, to our data, 0.0055 cm-1, which is 
also consistent with the experiment Kleppner et 
al.: 0.004-0.006 cm-1 , the OPT result: 0.005 cm-1 
[24,25]. In the energy range [25,30 cm-1], the av-
erage width of the resonance in our data is 0,034 
cm-1, which is in agreement with the experimen-
tal value of 0.03 cm-1 and in the evaluation of the 
CCM model 0.04 cm-1 and OPT model: 0,035 cm-

1. From a physical point of view, the presence in 
the spectrum of the hydrogen atom in a magnetic 
field, many resonances with anomalously small 
widths explained quite naturally. Their appear-
ance is obviously not due to some hidden symme-
try or the phenomenon of localization, and is due 
to interference effects and random fluctuations 
inherent in general to all chaotic systems. The 
numerical calculation of the Lyapunov exponents 
for the hydrogen atom in a magnetic field (6Т) 
gives the following results:  l1=0.484; l2 =0.195, 
that confirms the conclusion regarding the chaotic 
behaviour of the system.  

Further we consider a chaotic dynamics of a 
laser system with absorbing cell. It is known that 
for a single-mode laser, described by the equa-
tions of the Lorentz needed to return to the region 
of chaotic generation combination of parameters 
is difficult to achieve. The results of study [23] 
indicate that the laser with a nonlinear absorption 
cell may be more convenient physical system for 
the experimental observation of dynamic chaos.
We consider a theoretical model of a single-mode 
laser resonator in which the reinforcement is 
placed along with a nonlinear absorbing medium. 
Each of the environments consists of identical 
two-level atoms. The gain and absorption lines 
are uniformly broadened and their centers align 
and coincide with one of the frequencies of the 
cavity. Such a model can describe the real system 
of five differential equations [23]:

                                                                       (10)
Here, the index 1 refers to intensify, and the index 

of 2 - to an absorbing medium; e, , , 

 и - the dimensionless variables, e 

- the amplitude of the laser of the field, - po-

larization in the environment, -  the dif-
ference between the populations of the working 
levels;  pk and dk -  respectively the longitudinal 
and transverse relaxation rate, related to the half-

width of the resonator , k=1,2; 

- the difference between the populations 
of the working levels in the absence of generation 

  
-the ratio of the coefficients of saturation of the 

absorbing and amplifying media; 
 is the dimensionless time. According 

to ref. [23], the system (10) is invariant under 

the substitution е→-е, → -
. Attractor of the system can be as 

invariant with respect to this change (let’s call 
this attractor «symmetrical») and non-invariant 
(«asymmetric»). In the latter case certainly, there 
are two attractor into each other after this change. 
In fig. 3 we list  present the results of numerical 
simulation for the system (10) [23]. Strange at-
tractors occur as a result of sequence of bifurca-
tions of solutions (1), the first of which is Hopf 
bifurcation of stationary solutions with zero in-
tensity of the laser field. This bifurcation occurs 

, 

if . According to data [23] 
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and our analysis the Hopf bifurcation occurs at 

moderate values   , if the relative width of the 

absorption line  is quite small, and the rela-

tive width of the gain line  is quite large.  The 
numerical calculation shows that in order to get 
the chaotic lasing it is necessary the following: to 
saturate the absorber should be saturated stronger 

than the amplifier ( ). At low  the limit 
cycles generated from the stationary solutions 
with the zeroth intensity is stable up to very large 
values   of ŋ. . In table 1 we list the numerical pa-
rameters of the chaotic regime for the laser sys-
tem with absorbing

Figure 3. Projections of the phase trajectories 
for different values   of the parameter ŋ.
ŋ: а - 1.7000, б - 1.8200, в - 1.8350, г - 1.8385, 
е - 1.8500, ж - 1.8800, з - 1.9000

cell: l1-l6 are the Lyapunov exponents in descend-
ing order, K - Kolmogorov entropy

Table 1. Parameters of chaotic regimes  in the 
laser system: l1-l6 are the Lyapunov exponents 
in descending order (our results)

                               
Regime

l1 l2 l3

Weak 
chaos

0.175 -0.0001 -0.0003

Strong 
chaos

0.542 0.203 -0.0001

l4 l5 l6
Weak 
chaos

-0.244 - -

Strong 
chaos

-0.0004 -0.067 -0.188

The main conclusion of this work is that applica-
tion of the different chaos theory and nonlinear 
analysis methods and algorithms to studying cha-
otic elements in dynamics of the different atomic 
and laser systems is very useful. In particular, their 
using allows to study and confirm an existence of 
chaotic behaviour for the H atom in a microwave 
and magnetic field and laser with absorbing cell. 
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STUDYING ENSEMBLES OF INTERVALS OF THE PARKINSONIAN TREMOR AND 
LOCAL POTENTIAL FLUCTUATIONS ON THE BASIS OF THE THEORY OF CHAOS

The work is devoted to the use of methods of chaos theory to characterize 
the nonlinear dynamics of neurophysiological systems and identify the presence 
of chaotic elements. The data of the studying the Parkinsonian tremor interval 
ensembles and the corresponding fluctuations of the local potential are presented.

1. Introduction

The task of studying the dynamics of chaotic 
dynamical systems arises in many areas of 
science and technology. We are talking about a 
class of problems of identifying and estimating 
the parameters of interaction between the sources 
of complex (chaotic) oscillations of the time 
series of experimentally observed values. Such 
problems arise in physics, biology, medicine, 
neuroscience, geophysics, engineering, etc. Many 
studies in the cited and other fields of science and 
technique have appeared, where a chaos theory 
was applied to a great number of dynamical 
systems [1-12]. These studies show that chaos 
theory methodology can be applied and the short-
range forecast by the non-linear prediction method 
can be satisfactory. Time series of the dynamical 
variables are however not always chaotic, and 
chaotic behaviour must be examined for each time 
series. In series of papers it has been developed an 
effective version of using a chaos theory method 
and non-linear prediction approach to studying 
chaotic behaviour of the different dynamical 
systems. In our opinion, using these methods 
has very attractive perspectives in medicine and 

physiology (neuro- physiology). As example, let 
us underline that an ability to provide interaction 
between the different areas of the brain by using 
a multi-channel electroentselophalograms helps 
determine the location of the foci of abnormal 
activity in brain of patients with epilepsy. 
Many diseases of the brain, including epilepsy, 
Parkinson’s disease, are associated with abnormal 
synchronization large groups of neurons in the 
brain. Particular attention is paid to a non-linear 
signals as obvious is a typicality of a chaotic 
behavior of nonlinear systems. 

This paper is devoted to an employing a variety 
of techniques for characterizing dynamics of the 
nonlinear neuro-physiological systems identifying 
the presence of chaotic elements. To analyze 
measured time histories of the neurophysiological 
system responses the phase space of these systems 
was reconstructed by delay embedding. Here we 
also present the numerical results regarding the 
Parkinsonian tremor interval ensembles of a few 
patients and the corresponding fluctuations of the 
local potential. To implement this program, we 
follow the procedure set out in detail in [10-12].
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2. Method: Testing for chaos in time 
        series 

2.1.  Data

Many diseases of the nervous system, including 
epilepsy and Parkinson’s disease associated with 
abnormal synchronization large groups of neu-
rons in the brain. A sign of Parkinson’s disease is 
the synchronization of neurons in the ranks of the 
thalamus and basal ganglia. However, the func-
tional role of synchronization in the generation 
of Parkinsonian tremor (involuntary limb regular 
oscillations with frequencies ranging from 3 to 6 
Hz) remains a matter of debate (see [9]). Standard 
therapy with no effect of medication - it’s a deep 
electrical deep brain stimulation (DEBS) at high 
frequencies (above 100 Hz). Standard DEBS has 
been found empirically, the mechanism of its ef-
fect has not yet been elucidated, and it has restric-
tions, such as those associated with side effects. 
Confirmation that the tremor caused synchronous 
neuronal activity in nuclei of the thalamus and ba-
sal ganglia, would presumably result in a softer 
therapies with fewer side effects. In this connec-
tion of the relevance of the problem of determin-
ing the nature of the links between different areas 
of the brain and the muscles of patients.

The ensembles intervals of spontaneous Par-
kinsonian tremor three patients have been inves-
tigated in ref. [9]. Fluctuations in the limbs were 
presented accelerometer signals recorded at the 
sampling rate of 200 Hz and 1 kHz. Information 
about the activity of the brain was presented re-
cordings of local potentials (LP) of the four deep 
electrodes implanted in the thalamus and basal 
ganglia. The data were obtained at the Depart-
ment of Stereotactic and Functional Neurosur-
gery, University of Cologne and the Institute of 
Neurosciences and Biophysics, Research Center 
Juelich (Germany). Accelerometer signals and 
the LP with one of the electrodes during heavy 
Parkinsonian tremor are shown in Fig. 1 
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Figure 1. Spontaneous interval Parkinsonian 
tremor (total duration 0.1x800) (a, b) and 
the accelerometer signal LP with one of the 
electrodes in arbitrary units (only first 8 s 
shown);

According to [9], the main conclusion is as 
the tests also showed that linear techniques do 
not reveal the activity of the thalamus and basal 
ganglia on the limb. Besides, it has been  found 
that there are the fluctuations in the accelerometer 
signal, which correspond to a distinct peak in the 
power spectrum at a frequency of 5 Hz. The sta-
tistical significance of the findings [9] has been 
confirmed by tests on surrogate data. 

2.2.  Testing for chaos in time series

In order to make testing for chaos in time se-
ries, we use the methodology [10-12]. As usually, 
let us consider scalar measurements s(n)=s(t0+ 
nDt) = s(n), where t0 is a start time, Dt is time step, 
and n is number of the measurements. In a general 
case, s(n) is any time series (f.e. atmospheric pol-
lutants concentration). As processes resulting in 
a chaotic behaviour are fundamentally multivari-
ate, one needs to reconstruct phase space using 
as well as possible information contained in s(n). 
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Such reconstruction results in set of d-dimension-
al vectors y(n) replacing scalar measurements. 
The main idea is that direct use of lagged vari-
ables s(n+t), where t is some integer to be defined, 
results in a coordinate system where a structure 
of orbits in phase space can be captured. Using a 
collection of time lags to create a vector in d di-
mensions, y(n)=[s(n),s(n + t),s(n + 2t),..,s(n +(d-
1)t)], the required coordinates are provided. In 
a nonlinear system, s(n + jt) are some unknown 
nonlinear combination of the actual physical vari-
ables. The dimension d is the embedding dimen-
sion, dE.

2.3. Time lag

The choice of proper time lag  is important for 
the subsequent reconstruction of phase space.  If  t 
is chosen too small, then the coordinates s(n + jt),  
s(n +(j +1)t)  are so close to each other in numeri-
cal value that they cannot be distinguished from 
each other. If t is too large, then s(n+jt),  s(n+(j+1)
t) are completely independent of each other in a 
statistical sense. If t is too small or too large, then 
the correlation dimension of attractor can be un-
der-or overestimated. One needs to choose some 
intermediate position between above cases. First 
approach is to compute the linear autocorrelation 
function CL(d) and to look for that time lag where 
CL(d) first passes through 0. This gives a good 
hint of choice for t at that s(n+jt) and s(n+(j +1)
t) are linearly independent. It’s better to use ap-
proach with a nonlinear concept of independence, 
e.g. an average mutual information.  The mutual 
information I of two measurements ai and bk is 
symmetric and non-negative, and equals to 0 if 
only the systems are independent. The average 
mutual information between any value ai from 
system A and bk from B is the average over all 
possible measurements of IAB(ai, bk). Usually it is 
necessary to choose that t where the first mini-
mum of I(t) occurs.

2.4. Embedding dimension

The goal of the embedding dimension determi-
nation is to reconstruct a Euclidean space Rd large 
enough so that the set of points dA can be unfolded 
without ambiguity. The embedding dimension, dE, 
must be greater, or at least equal, than a dimension 
of attractor, dA, i.e. dE > dA. In other words, we can 
choose a fortiori large dimension dE, e.g. 10 or 
15, since the previous analysis provides us pros-

pects that the dynamics of our system is probably 
chaotic. The correlation integral analysis is one 
of the widely used techniques to investigate the 
signatures of chaos in a time series. The analysis 
uses the correlation integral, C(r), to distinguish 
between chaotic and stochastic systems. Accord-
ing to [8], it is computed the correlation integral 
C(r).  If the time series is characterized by an at-
tractor, then the correlation integral C(r) is related 

to the radius r as 
r
rCd

N
r log

)(loglim
0
∞→

→

=
, where d is correla-

tion exponent. If the correlation exponent attains 
saturation with an increase in the embedding di-
mension, then the system is generally considered 
to exhibit chaotic dynamics. The saturation value 
of correlation exponent is defined as the correla-
tion dimension (d2) of the attractor (see details in 
refs. [10-12]).

2.5. Nonlinear prediction model

As usually, the predictability can be estimated 
by the Kolmogorov entropy, which is proportion-
al to a sum of positive Lyapunov exponents (LE) 
. The spectrum of LE is one of dynamical invari-
ants for non-linear system with chaotic behaviour. 
The limited predictability of the chaos is quanti-
fied by the local and global LE, which can be de-
termined from measurements. The LE are related 
to the eigenvalues of the linearized dynamics 
across the attractor. Negative values show stable 
behaviour while positive values show local un-
stable behaviour. For chaotic systems, being both 
stable and unstable, LE indicate the complexity 
of the dynamics. The largest positive value deter-
mines some average prediction limit. Since the LE 
are defined as asymptotic average rates, they are 
independent of the initial conditions, and hence 
the choice of trajectory, and they do comprise an 
invariant measure of the attractor. An estimate of 
this measure is a sum of the positive LE. The esti-
mate of the attractor dimension is provided by the 
conjecture dL and the LE are taken in descending 
order. The dimension dL gives values close to the 
dimension estimates discussed earlier and is pref-
erable when estimating high dimensions. To com-
pute LE, we use a method with linear fitted map,  
although the maps with higher order polynomials 
can be used too
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3. Results and conclusions

In our studying, we have analyzed the time se-
ries of of the LP signal  using methodology from 
chaos theory. Table 1 summarizes our preliminary 
results for the time lag calculated for first 800 val-
ues of time series of the LP signal. The values, 
where the autocorrelation function first crosses 
0.1, can be chosen as t, as an attractor cannot be 
adequately reconstructed for very large values of 
t. 

Table 1. Time lag (t), correlation dimension  
(d2), embedding dimension (dE),Kaplan- Yorke 
dimension (dL), average limit of predictability 
(Prmax), Gottwald-Melbourne chaos availabil-
ity parameter  K 

t d2 dE λ1 λ2 dL Pr K

9 5.61 6 0.0143 0.0039 4,07 8 0,63

Let us note that the Kaplan-Yorke dimen-
sions, which are also the attractor dimensions, 
are smaller than the dimensions obtained by the 
algorithm of false nearest neighbours. Our results 
show that the time series is resulted from the low-
dimensional chaos. The embedding dimension 
for the time series is dN = 6. Also, the correlation 
dimensions were calculated using the algorithm 
of Grassberger and Procaccia. It is noteworthy 
that the nearest integer above the saturation value 
provides the minimum or optimum embedding 
dimension for reconstructing the phase-space or 
the number of variables necessary to model the 
dynamics of the system. This concept can be ap-
plied, since the embedding dimension determined 
by both the correlation dimension method and the 
algorithm of false nearest neighbours are identi-
cal. In this case, the number of variables neces-
sary to model the dynamics of the system equals 
six (preliminary estimate). From the other hand, 
the analysis of correlation dimension provides 
only the number of variables, but not their physi-
cal meaning. At last, let us comment regarding the 
Lyapunov exponents. Fistly, our  data show that 
the Kaplan-Yorke dimensions, which are also the 
attractor dimensions, are smaller than the dimen-
sions obtained by the algorithm of false nearest 
neighbours. 

There are the two positive li for the time se-
ries under consideration. Since the Lyapunov 
exponents determine conversion rate from a 
sphere into an ellipsoid, then the smaller sum of 
positive exponents results in the more stable dy-
namical system and, correspondingly, the higher 
predictability. The further work in application of 
the chaos theory methods to neuro-physiological 
problems requires the availability of reliable em-
pirical data and the corresponding time series of 
measured values. 
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DETECTION OF AMMONIA MOLECULES USING OPTICAL REFLECTANCE FROM 
NANOSTRUCTURED SILICON SURFACE

The reflectance properties of various porous silicon structures after ammonia 
adsorption were investigated. It was shown that increasing of ammonia concentration 
in the measurement chamber leads to an increase of the optical reflectance. The most 
sensitive structures for ammonia detection are porous silicon having approximately size 
of pores – 10-15 µm.

1. INTRODUCTION 

Porous silicon (PS) technologies have many 
applications in semiconductor technology, op-
toelectronics, chemical, biological sensors and 
other fields of science [1-3]. Changes in electri-
cal and optical properties of the porous silicon 
under gas adsorptions are well-known and it is 
still under attentive investigation [4-8]. Porous 
silicon exhibits a great potential in optical sensor 
applications due to the possibility to change its re-
flectance index and luminescence properties after 
adsorption of molecules. The sensitivity of an op-
tical sensor depends on the adsorption properties 
of the measured substances and the interaction of 
the specific analyte with the porous silicon, which 
can be adjusted and improved by proper fabrica-
tion parameters. 

Porous silicon, obtained conventionally by 
anodisation of crystalline p-type silicon (electro-
chemical method), is a potential platform for high 
efficiency gas sensors mainly due to its very large 
surface to volume ratio, which enhances adsorp-
tion of the sensing gas, a primary step for gas sen-
sor. Also the high chemical reactivity of PS with 
the environment and the possibility of porosity 
control by the variation of the formation param-
eters further create an interest in sensing appli-
cations. Recently, a new method, termed metal-
assisted chemical etching, has been developed, 

which is relatively simple compared to the elec-
trochemical method. The method does not need 
an external bias and enables a formation of uni-
form PS layers more rapidly than the conventional 
methods. Thin metallic films or particles (Au, Pt, 
Al, Pd, etc.) are generally deposited directly on a 
silicon surface prior to immersion in an etchant 
composed of HF and an oxidizing agent [9, 10]. 
Metal-assisted chemical etching is essentially a 
wet etching method yet produces anisotropic high 
aspect ratio semiconductor micro and nanostruc-
tures without incurring lattice damage. 

In present paper, we report on the formation 
of porous p-type silicon using H2O2 as an oxidiz-
ing agent and silver (Ag) as deposited metal. We 
discuss the reflectance properties of obtained PS 
layers after adsorption of NH3 molecules. 

2. EXPERIMENTAL

Metal-assisted chemical etching (MaCE) is 
fundamentally a wet etch technique. MaCE was 
first used as an electroless etching technique to 
produce porous Si and porous III–V compound 
semiconductor by Li et. al. in 2000 and 2002, re-
spectively [11,12], in contrast to the conventional 
anodic etching method for porous semiconductor 
formation. Details on the MaCE mechanism and 
development can be found elsewhere [13].



67

The metal-assisted chemical etching processes 
were applied to p-type Si wafers Czochralski-
grown (100) 1-4 Ohm∙cm. After standard RCA 
cleaning the wafers were cleaned with acetone 
and deionized water via ultrasonic cleaning. A 
thin oxide layer was formed and the surface be-
came hydrophilic. This oxide layer was removed 
by dipping the samples into a dilute HF solution. 
The silver particles, which act as catalysts to as-
sist the etching of silicon, were deposited on Si 
samples by immersion in 0.23 M HF and 5×10−5 

M AgNO3 (samples series No 1) and in 0.23 M HF 
and 10−3 M AgNO3 (samples series No 2) metalli-
zation aqueous solutions. The time of immersion 
was varied between 0.5 to 30 minutes. After the 
electroless metallization, the wafers were etched 
in aqueous solutions containing HF (40%), H2O2 
(30%) and ultra-pure H2O at different concentra-
tion ratios and for etching times varied from 1 to 
30 minutes. After etching, the samples were rinsed 
with deionized water. The etching and immersion 
procedures were performed at room temperature. 
Structural properties of porous silicon prepared 
by metal-assisted chemical etching have been in-
vestigated by Atomic Force Microscope (AFM) 
NT-206. AFM studies were done at atmospheric 
conditions. Using AFM we could characterize the 
shape and sizes of isolated particles, their distri-
bution depending of the chemicals conditions. 
Reflectance measurement system
Instead of a conventional spectrum analyzer 
which is expensive and hard to miniaturize a 
cost-effective and transportable evaluation sys-
tem was developed. In the proposed system the 
light sources are three different LEDs (red, green 
and blue). The total reflection is detected by a 
photodiode. Fig. 1 shows the schematic setup of 
a simple optical system. The implementation of 
the developed system and determination of the 
suitable application areas with the corresponding 
resolutions is actually in evaluation.

3. RESULTS AND DISCUSSIONS
3.1 AFM studies of porous silicon
During the experiment, we obtained samples with 
different surface morphology. Fig. 2 displays an 
AFM image of the porous silicon surface (sam-
ples series No 1). At a low concentration of oxi-
dizing agent - H2O2 (H2O2/H2O/HF=10/80/40), as 
seen from this image, there were pores that had a 

conical form, like a crater, having approximate-
ly the same size and uniformly distributed over 
its surface. The approximate diameter of pores 
ranged from 1 to 1.6 um in diameter.

  

The next step was to figure out how the increasing 
of oxidant concentration affects surface morphol-
ogy. The increase of oxidant concentration (H2O2/
H2O/HF = 25/80/40) leads to a change in the 
surface structure of silicon from microporous to 
highly porous structure. We have observed highly 
porous structure with the dimensions of the pores 
having an approximate size of 50–200 nm depend-
ing on the deposition time (Fig. 3). For both con-
centrations of H2O2, the prolonged etching time 
induces an increase of pore depth. The changing 

Figure 1. Experimental setup: 1 – Peltier Module; 
2 – Sample; 3 – Thermoresistor; 4 – Photodiode; 
5 – LED’s; 6, 7 – Inlet/Outlet gas

Figure 2. AFM image of Si(100) with a resistivity 
of 100 Ohm cm after 10 minutes etching in 
solution—H2O2/H2O/HF = 10/80/40. Ag particles 
were deposited before etching in solution 0.23 M 
HF and 5 × 10−5 M AgNO3 within 15 min
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of surface morphology due to increasing of H2O2 
concentration could be explained by the theory 
proposed by Chartier et al. [14]. Charties et al. 
have shown that as the composition varies from 
high to low HF/H2O2 ratio, mesopores, cone-
shaped macropores, craters could be obtained. 
This change occurred because of fast dissolving 
of the silicon surface.

Figure 3. AFM image of Si(100) with a resistivity 
of 4 Ohm cm after 10 minutes etching in 
solution—H2O2/H2O/HF = 25/80/40. Ag particles 
were deposited before etching in solution 0.23M 
HF and 5 × 10−5M AgNO3 within 15min

Figure 4. AFM image of Si(100) with a resistivity 
of 4 Ohm cm after 10 minutes etching in 
solution—H2O2/H2O/HF = 15/80/40. Ag particles 
were deposited before etching in solution 0.23M 
HF and 10−3M AgNO3 within 5min

For samples series no. 2, that had higher concen-
tration of AgNO3 in immersion solution (10−3 M), 
we have obtained more remarkable experimen-
tal results. The color of the silicon surface after 
etching has been almost black (1–15 minutes of 
immersion time) or light brown (15–30 minutes 
of immersion time) depending on the immer-
sion time. First, we supposed that it is similar to 
“black” silicon having a needle-shaped surface 
structure where needles are made of single-crys-
tal silicon and have a height above 10 microns 
and diameter less than 1 micron [15]. However, 
AFM investigation showed an absolutely other 
morphology (Fig.4) having macropores.

3.2 Reflectance of porous silicon after NH3 ad-
sorption

Reflectance measurements were conducted with 
the optical system mentioned above (fig.1). Fig-
ures 5 and 6 show reflectance spectrum at differ-
ent concentrations of ammonia in the chamber. 
Figures demonstrate a shift in the reflectance 
before and after ammonia exposure for different 
concentration of ammonia. An increase of am-
monia concentration in the measurement cham-
ber leads to an increase of the reflectance for all 
samples. Notice that samples No 2 (macro porous 
structures) are most sensitive to ammonia ex-
posure compared to samples No 1 for all wave-
lengths. Adsorption of ammonia in porous silicon 
layer affected the reflectance magnitudes appre-
ciably. The reflectance is changing after removal 
of the ammonia molecules to ever decreasing re-
flectance values.

Figure 5. Dependences of maximal magnitudes 
of reflectance for samples No 1 under nitrogen 
(curve 1) and different concentrations of ammonia 
(curve 2 – 20 ppm, curve 3 – 60 ppm).
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A possible explanation for this behavior is the 
change in surface area due to the rough textured 
surface of the porous silicon. The results seem to 
indicate that ammonia molecules are diffusing 
further and further into the pore cavities changing 
the reflectance index. On the other hand, it is pos-
sible that ammonia molecules are adsorbed main-
ly on surface of wires and in the pore cavities. 
Adsorption of ammonia molecules creates new 
surface levels. A re-charging of levels and electri-
cal micro fields close to polar ammonia molecules 
can affect on recombination rates of electron-hole 
pairs changing the charge concentration and thus 
changing the local dielectric constant of the me-
dium ( e ) and refractive index ( e=n ). 
Next we looked at how porous structure evolves 
in time. The reflectance after ammonia exposure 
is shown in fig.7. Here, the reflectance after NH3 
exposure is observed to slowly increase with 
time. Saturation occurs after about 3-5 minutes 
for all samples. Research has shown that increase 
in concentration of ammonia increases the satu-
ration time. Such fast response of porous silicon 
on the adsorption of ammonia molecules may be 
used for development of new sensor’s structures.

Figure 6. Dependences of maximal magnitudes 
of reflectance for samples No 2 under nitrogen 
(curve 1) and different concentrations of ammo-
nia (curve 2 – 20 ppm, 3 – 60 ppm).

4. CONCLUSION

Reflectance and surface morphologies of po-
rous silicon prepared by metal-assisted chemical 
etching using H2O2 as an oxidizing agent have 
been studied. Depending on the metal-assisted 
chemical etching conditions, the macro- or mi-
croporous structures could be formed. The optical 

reflectance changes significantly when exposed to 
ammonia gas. The PS is most sensitive for pores 
having approximately size 10-15 µm. A fast re-
sponse of porous silicon on the adsorption of am-
monia molecules may be used for development of 
new sensors. This is an interesting result and an 
area for further investigation.

Figure 7. The reflection after ammonia exposure 
of samples No 1; ammonia concentration 20 ppm.
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DETECTION OF AMMONIA MOLECULES USING OPTICAL REFLECTANCE FROM 
NANOSTRUCTURED SILICON SURFACE

Abstract
The reflectance properties of various porous silicon structures after ammonia adsorption were in-

vestigated. It was shown that increasing of ammonia concentration in the measurement chamber leads 
to an increase of the optical reflectance. The most sensitive structures for ammonia detection are po-
rous silicon having approximately size of pores - 10-15 µm.
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ДЕТЕКТИРОВАНИЕ АММИАКА МЕТОДОМ ОПТИЧЕСКОГО ОТРАЖЕНИЯ НАНО-
СТРУКТУРИРОВАННОЙ ПОВЕРХНОСТЬЮ КРЕМНИЯ

Резюме
Было исследовано оптическое отражение различных пористых структур кремния после ад-

сорбции аммиака. Показано, что повышение концентрации аммиака приводит к увеличению 
оптического отражения. Наиболее чувствительными структурами для детектирования аммиака 
является пористый кремний, имеющий размер пор - 10-15 мкм. 
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ДЕТЕКТУВАННЯ АМІАКУ МЕТОДОМ ОПТИЧНОГО ВІДБИТТЯ 
НАНОСТРУКТУРОВАНОЮ ПОВЕРХНЕЮ КРЕМНІЮ

Резюме
Було досліджено оптичне відбиття різних поруватих структур кремнію після адсорбції амі-

аку. Показано, що підвищення концентрації аміаку призводить до збільшення оптичного від-
биття. Найбільш чутливими структурами для детектування аміаку є поруватий кремній, що має 
розмір пор - 10-15 мкм. 
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STARK EFFECT AND  RESONANCES IN THE IONIZATION CONTINUUM
FOR EXCITONS IN QUANTUM DOTS AND ATOMS IN AN ELECRIC FIELD  

The Stark effect for non- hydrogenic atom of the rubidium and excitons in 
semiconductor in an external uniform electric field is theoretically studied within the 
operator perturbation theory method (J.Phys.B26, L379 (1993)). The Stark resonance 
energies in the rubidium atom and te excitons in the Cu20 semiconductor and in the 
GaAs quantum dots in the external uniform electric field are listed.  

1. Introduction
This work goes on our investigations of the 

multi-electron atomic systems and excitons in 
semiconductrs in an external electric field (the 
Stark effect) [1-17]. The remarkable Stark ef-
fect has a long history and until recently it was 
believed that the Stark effect is fully understood 
and fundamental problems remained.  However, 
an observation of the Stark effect in a constant 
(DC) electric field near threshold in hydrogen and 
alkali atoms led to the discovery of resonances 
extending into the ionization continuum by Glab 
et al and Freeman et al (c.f.[1]). Calculation of 
the characteristics of these resonances as well as 
the Stark resonances in the strong electric field re-
mains very important problem of modern atomic 
physics. 

It should be noted that the same class of prob-
lems has been arisen in a physics of  semicon-
ductors (c.f.[14-17]). It is well known that the 
availability of excitons in semiconductors re-
sulted experimentally in the special form of the 
main absorption band edge and appearance of 
discrete levels structure (f.e. hydrogen-like spec-
trum in Cu2O). Beginning from known papers of 
Gross-Zaharchenya, Thomas and Hopfield et al 
(c.f.[14-17]), a calculation procedure of the Stark 
effect for exciton spectrum attracts a deep inter-
est permanently.  Very interesting physics occurs 
in a case of the excitons in quantum dots, wires 
etc, where the other geometry and energetics in 

comparison with the bulk semiconductor makes 
the field effect more intrigues. The exciton states 
in the quantum dots have been studied in a num-
ber of papers and have been observed by photo-
luminescence experiments (c.f. [14-17]). Natu-
rally, the electronic states in quantum dots (wires) 
depends on either the confining potential and the 
interacting force between the particles. Now the 
electric field effect on the electron-hole states 
and on the confined excitonic states is often re-
ferred to the quantum confined Stark effect. Now 
it is represented an interest to study an influence 
of quantum well concentration profile and width 
on Stark shifts in case of such a system as sys-
tem GaAs-AlGaAs etc. In this paper we study 
the Stark effect for non-H atom of rubidium and 
for excitons in an external uniform electric field 
within the operator perturbation theory method. 
The Stark resonance energies in rubidium and the 
Stark shift for the n=2 state of the Wannier-Mott 
excitons in the Cu20 semiconductor and excitons 
in the parabolic quantum dot (GaAs) in the elec-
tric field are listed.   

2. Stark effect for atomic systems: Operator 
perturbation theory

Regarding the operator perturbation theory 
approach, let us note that this method, originally 
proposed Ref. [2], is in details presented in [1] 
and used in many papers. So, here we are limited 
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only by the key aspects. According to [1,2], the 
essence of operator perturbation theory approach 
is the inclusion of the well known method of “dis-
torted waves approximation” in the frame of the 
formally exact perturbation theory [11]. The ze-
roth order Hamiltonian H0 of this PT possesses 
only stationary bound and scattering states. In or-
der to overcome the formal difficulties, the zeroth 
order Hamiltonian was defined  using the set  of 
the orthogonal EF and EE without specifying the 
explicit form of the corresponding zeroth order 
potential. In the case of the optimal zeroth order 
spectrum , the PT smallness parameter is of the 
order  of  G/E, where  G and  E  are the field width 
and bound energy of the state level. It is true that 
G/E £ 1/n  even  in the vicinity of the "new contin-
uum" boundary (where n is the principal quantum 
number ). An influence of the corresponding elec-
tric potential model function choice on the values 
of the Stark resonances energies and bandwidths 
does not significantly change the final results for 
the resonances shifts and widths [1].  

According to [3], the Schrödinger equation for  
the electronic eigen-function taking into account 
the uniform DC electric field (the field strength is 
F)and the field of the nucleus (Coulomb units are 
used: a unit is h2 /Ze2 m and a unit of  mZ2 e4 /h2 for 
energy) looks like:

       [-(1 - N/Z) / r + F z - 0,5D - E ] y = 0       (1)
 
where  E is the electronic energy, Z — charge of 
nucleus, N —  the number of electrons in atomic 
core. Our approach allow to use more adequate 
forms for the core potential (c.f.[25-27]), includ-
ing the most consistent quantum electrodynam-
ics procedure for construction of the optimized 
one-quasi-electron representation and ab initio 
core potential , providing a needed spectroscopic 
accuracy. For multielectron atom one may intro-
duce the ion core charge z*. According to standard 
quantum defect theory (c.f.[3]), relation between 
quantum defect value ml, electron energy E and 
principal quantum number n is: ml=n-z*(-2E)-1/2. 
As it is known, in an electric field all the electron 
states can be classified due to quantum numbers: 
n, n1, n2,m (principal, parabolic, azimuthal: n=n1+ 
n2+m+1). Then the quantum defect in the para-
bolic co-ordinates d(n1n2m) is connected with the 
quantum defect value of the free (F=0) atom by 
the following relation [3]: 

d(n1n2m)=(1/n) l
n

ml
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J=(n-1)/2,  M=(n1-n2+m)/2;

Naturally, it is possible to use more complicated 
forms for the ion core potential (c.f.[1]). After 
separation of variables, equation (1) in parabolic 
co-ordinates could be transformed to the system 
of two equations for the  functions f and g: 

f´´ + 
| |m

t
+1

 f´ +[0,5E + (β1 - N/Z) / t- 0,25×  

×F(t) t ] f = 0                                                    (2)

g´´ +
| |m

t
+1

g´+[0,5E+β2 /t+ 0,25 F(t) t]g = 0      (3)

coupled through the constraint on the separation 
constants: 
                                    b1+b2=1.

For the uniform electric field  F(t) =F. In ref. 
[11], the uniform electric field  e  in  (3) and (4)  
was  substituted  by  model function  F(t) with pa-
rameter t ( t = 1.5 t2) . Here we use similar  func-
tion, which satisfies to necessary asymptotic con-
ditions (c.f.[11,12]) :  

F(t) = 
1
t
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Potential energy in equation (4) has the barrier. 
Two turning points for the classical motion along 
the h axis, t1 and t2 , at a given energy E  are the  
solutions  of  the   quadratic equation  (b = b1, E = 
E0 ). It should be mentioned that the final results 
do not depend on the parameter t . It is necessary 
to know two zeroth order EF of the H0: bound state 
function YEb (e, n, j) and scattering state function 
YEs (e, h, j) with the same EE in order to calculate 
the width G  of  the concrete quasi-stationary state 
in the lowest PT order. Firstly, one would have to 
define the EE of the expected bound state. It is 
the well known problem of states quantification 
in the case of the penetrable barrier.  We solve the 
(2, 3) system here with the total  Hamiltonian H  
using the conditions [11]:   

                         (5)
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Naturally, it is possible to use more 
complicated forms for the ion core potential 
(c.f.[1]). After separation of variables, 
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Potential energy in equation (4) has the barrier. 
Two turning points for the classical motion 
along the  axis, t1 and t2 , at a given energy E  
are the  solutions  of  the   quadratic equation  
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the final results do not depend on the 
parameter  . It is necessary to know two 
zeroth order EF of the H0: bound state function 
Eb (  ) and scattering state function Es 
(  ) with the same EE in order to calculate 
the width G  of  the concrete quasi-stationary 
state in the lowest PT order. Firstly, one would 
have to define the EE of the expected bound 
state. It is the well known problem of states 
quantification in the case of the penetrable 
barrier.  We solve the (2, 3) system here with 
the total  Hamiltonian H  using the conditions 
[11]:    
 
f(t) 0 at t               
 

x(, E) / E = 0 
(5) 

with 
 

x(, E) = lim
t 

 [ g2 (t) + {g(t) / k}2 ] t| m| + 1. 

 
These two conditions quantify the bounding  
energy E, with separation constant 1 . The 
further procedure for this two-dimensional 
eigenvalue problem results in solving of the 
system of the ordinary differential equations(2, 
3) with probe pairs of E, 1. The bound state 

EE, eigenvalue 1 and EF for the zero order 
Hamiltonian H0 coincide with those for the 
total Hamiltonian H at   , where all the 
states can be classified due to quantum 
numbers: n, n1, l , m  (principal, parabolic, 
azimuthal) that are connected with E, 1, m by 
the well known expressions. We preserve the 
n, n1 ,m states-classification in the 0 case . 
The scattering states' functions must be 
orthogonal to the above defined bound state 
functions and to each other. According to the 
OPT ideology [11,12], the following form of 
gEs  :is possible: 
 

gEs(t) = g1 (t) - z2 g2(t) 
(6) 

with fEs , and g1(t)  satisfying the differential 
equations (2) and (3). The function g2(t) 
satisfies the non-homogeneous differential 
equation, which differs from (3) only by the 
right hand term, disappearing at t .  
 

3. Stark effect for exciton 
 
The above analogous method can be 

formulated for description of the Stark effect 
for the Wannier-Mott excitons in the bulk 
semiconductors [4]. Really, the Schrödinger 
equation for the Wannier-Mott exciton looks 
as follows:  
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where m*

e( m*
h ) are the effective-mass for the 

electron (hole),   is the background dielectric 
constant. Introducing the relative coordinates: 

hrerr   and the corresponding momenta p 
with reduced mass p= m*

e m*
h/M (the momenta 

P with the total-mass M= m*
e + m*

h ,) and 
center-of-mass coordinate  
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with
x(b, E) = lim

t ∞⇒
 [ g2 (t) + {g´(t) / k}2 ] t| m| + 1.

These two conditions quantify the bounding  en-
ergy E, with separation constant b1 . The further 
procedure for this two-dimensional eigenvalue 
problem results in solving of the system of the 
ordinary differential equations(2, 3) with probe 
pairs of E, b1. The bound state EE, eigenvalue b1 
and EF for the zero order Hamiltonian H0 coin-
cide with those for the total Hamiltonian H at e 
Þ 0, where all the states can be classified due to 
quantum numbers: n, n1, l , m  (principal, parabol-
ic, azimuthal) that are connected with E, b1, m by 
the well known expressions. We preserve the n, n1 
,m states-classification in the e¹0 case . The scat-
tering states' functions must be orthogonal to the 
above defined bound state functions and to each 
other. According to the OPT ideology [11,12], the 
following form of gE¢s  :is possible:

gE´s(t) = g1 (t) - z2´ g2(t) (6)
with fE¢s , and g1(t)  satisfying the differential equa-
tions (2) and (3). The function g2(t) satisfies the 
non-homogeneous differential equation, which 
differs from (3) only by the right hand term, dis-
appearing at t → ∞. 

3. Stark effect for exciton

The above analogous method can be formu-
lated for description of the Stark effect for the 
Wannier-Mott excitons in the bulk semiconduc-
tors [4]. Really, the Schrödinger equation for the 
Wannier-Mott exciton looks as follows: 
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where m*
e( m*

h ) are the effective-mass for the 
electron (hole), e  is the background dielectric 
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This equation then could be solved by the 
method, described above. The other details can 
be found in Refs. [1,4]. 

A problem of the Stark effect for quantum dots 
requires more detailed consideration. For defi-
niteness, below we study the Stark effect in the 
parabolic quantum dot.  Within the effective-mass 
approximation and neglecting the band-structure 
effects , the Hamiltonian of an exciton in a para-
bolic quantum dot with the same quantization en-
ergy Ω  ( for the electron and hole), nd subjected 
to an external electric field , can be expressed as :

heehhhh
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where all notations are defined above. Further, as 
above, using the relative coordinate, the momenta 
with reduced mass and center-of-mass coordi-
nate and the momenta with the total-mass M, the 
Hamiltonian H (7) can be represented as :

eFzrer
pMMPH
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++Ω+=

eµ
µρ
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222

2222

.             (10)

Further let us note that the part which depends 
only on the center-of-mass coordinate in Eq.(10) 
is corresponding to the Hamiltonian of a well-
known 3D harmonic oscillator and the exciton 
properties is essentially determined by the rela-
tive Hamiltonian Hr. 

The field term added to the z-direction con-
finement describes a displaced harmonic oscilla-
tor centred in z0=eF/mW2  with the frequency Wr  
inferior to W. Besides, as usually [17], in order to 
solve the Hamiltonian Hr , one should introduce 
an interaction potential which obeys to the known 
Hooke’s force with the parameter l by adding and 
substracting the potential:  

V(r)= ])2/1[( 22 Ω-Ω rµl .

Surely then  the Hamiltonian H is splitted into 
two terms with the one term being exactly solv-
able while the other can be treated as a perturba-
tion. Such a scheme is corresponding to method 
by Jaziri-Bastard-Bennaceur [17]. Our approach 
is in he direct numerical solving the problem. Let 
us remind that the introduced potential is simi-
lar to the interaction potential between electron-
electron used by Johnson-Payne and it can hardly 

eh

´
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be considered as the correct potential for the all 
electron-hole separation. Nevertheless, here one 
could  adjust the interaction parameter l so in or-
der to provide the best fit of the true interaction 
which is the Coulomb interaction, and for the 
dominant range of separation r [17]. The attrac-
tion potential V(r) will have negative value with 
positive l , and it yields a physically reasonable fit 
to the exact interaction for electron-hole separa-
tion r<(2)1/2R0 (here  R0 is the quantum dot radius 

defined as Ωµ/ . As usually, the total energy 
corresponding to exciton ground state is obtained 
as :

)2/()()2/3()2/3( 222 Ω-Ω-Ω+Ω= µl FeE rT 

where l+Ω=Ω 1r . The field-induced energy 
shifts can be expressed as: DE = ET(F=O)-ET(F), 
where E(F=0)is the corresponding energy in the 
free (i.e. zero-field) state. The main aim is to de-
termine the exciton binding energy defined by 
EB= Ee+Eh-ET, where Ee,Eh are the energies cor-
responding to the one-particle Hamiltonian.

4. Results and conclusions

The calculation results for Stark resonances 
energies in the rubidium atom for the electric 
field strength e=2.189 kV/cm are presented in Ta-
ble 1. For comparison we have also presented the 
experimental data [13], the results of calculation 
within the 1/n-expansion method by Popov etal 
[12].   For the most long-living Stark resonances 
with quantum numbers n2 = 0 , m = 0, a width of 
energy level is significantly less than a distance 
between them. These states are mostly effectively 
populated by p-polarized light under transitions 
from states with (n1-n2) = max, m = 0. As a re-
sult, the sharp isolated resonances (their positions 
under E>0 are determined by energies of quasi-
stationary states with n2=0 , m=0) are appeared 
under photo ionization from these states in a case 
of p-polarization

In ref. [4] there are listed the preliminary es-
timates of the Stark shifts of the n=2 state of ex-
citons in the Cu20 semiconductor (yellow series) 
at the electric field strength 600 V/cm results and 
indicated on the physically reasonable agreement 
with the  known results by Thomas and Hopfield 
(TH) [14]. 

Table 1. The energies (cm-1)of the Stark reso-
nances for the Rb atom (ε = 3,59 kV/cm): 
A-experimental data ; B- Popov et al; C- OPT ap-
proach.

n1n2m
d A B C

23,0,0
22,0,0
21,1,0
20,2,0
21,0,0
20,1,0
20,0,0
18,1,0
16,2,0
18,0,0

0,656
0,681
0,517
0,400
0,708
0,531
0,737
0,561
0,428
0,802

133,1
157,0
161,1
163,9
185,2
186,3
217,2
248,4

-
-

132,8
157,1
159,5
163,2
184,2
185,4
214,6
247,2
    -
    -  

132,9
157,2
160,6
163,7
184,8
185,8
214,9
247,3

-
    

133,0
157,1
160,9
163,9
185,1
186,2
216,9
248,2
285,5
289,3

Our final value for the Stark shift of the n=2 
state excitons in the Cu20 semiconductor (yel-
low series) at the electric field strength 600 V/
cm results in – 0,308 meV in a good agreement 
with experimental data of Gross et al.[28]. Under 
increasing the electric field strength changing a 
potential on a small enough distance (the orbits 
diameter) will become  comparable with the bond 
energy of particle on this orbit. According to our 
data and data by Gross et al., the corresponding 
electric field is ~ 9×103 V/cm. we have tried to 
discover the chaotic behavior of the exciton dy-
namics in an electric field, however near ion-
ization boundary  exciton does not demonstrate 
behaviour of quantum chaotic system, which is 
similar to hydrogen or on-H atom dynamics in a 
strong field and manifested as unusual features in 
a photoionization spectra  (alkali atoms) [5,14]. 
Further we list some data on the Stark shifts exci-
tons in a GaAs semiconductor quantum dot (table 
2).  
Table 2. The Stark shifts (meV) for exciton in the 
GaAS quantum dot: A- Jaziri-Bastard-Bennaceur 
method; B- OPT approach

F (kV/cm) R (A) A B

50 50 3.9 4.0
50 80 14 14.1
50 120 45 45.2
100 50 13 13.1
100 80 56 56.6
100 120 158 159.8
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Comparison of the presented preliminary data 
shows that the different results are in the physi-
cally reasonable agreement. The corresponding 
accuracy is of the order of 1%, however, is should 
be noted [17] that though the method [17] is much 
simpler in comparison with the direct variation-
al approach, but it cannot enviseaged for any 
strength electric field and/nor any quantum dot 
size. The important feature of the operator pertur-
bation theory formalism is that it can be applied 
for any strength electric field. 
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OBTAINING AND OPTICAL PROPERTIES OF ZnS:Ti CRYSTALS

ZnS:Ti single crystals obtained by diffusion doping are investigated. The spectra of 
optical density in the energy range 0.4-3.8  eV are investigated. On absorption edge shift 
of investigated crystals the titan concentration is calculated. Nature of optical transitions 
determining optical properties of ZnS:Ti single crystals in the visible and IR-region of 
spectrum is identified.

The diffusion profile of the Ti dopant is determined  via measurement of the relative 
optical density of the crystals in the visible spectral region. The Ti diffusivities  in the ZnS 
crystals at 1270-1370 K are calculated. The Ti diffusivity at 1270 K equals 10-10 cm2/s.

INTRODUCTION

The zinc sulphide single crystals, doped with 
transitional metals ions can be used as active 
media for the lasers of mid-infrared (IR) spectral 
region. In particular, the effective laser generation 
in the spectral region of 2.35 mkm were fabricated 
based on the ZnS:Cr crystals [1]. In the work [2] 
it was reported about creation of impulsive laser 
based on ZnS:Fe crystal with continuous tuning 
of the laser wavelength within the range  of  3.49-
4.65 mkm. At the same time, essentially nothing is 
known about possibility of infrared laser radiation 
realization  using ZnS:Ti crystals. 

The ZnS crystal doping during the growing 
process is difficult because the transitional metal 
evaporation temperatures exceed considerably 
than of zinc sulphide sublimation. In [3], we have 
described the procedure of ZnS crystals doping 
with nickel. A method for diffusion doping of 
ZnS single crystals with titanium is offered in this 
work that provides crystals with known titanium 
impurity concentration. The structure of the 
optical absorption spectra for the ZnS:Ti crystals 
has been studied  and identified in the visible and 
infrared regions. The analysis of the profile of the 
relative optical density allowed us to determine 
the diffusivity of Ti in the ZnS crystals.

The goals of this study are development of a 
procedure of diffusion doping of the ZnS crystals 
with Ti, identification of the optical absorption 
spectra, and determination of diffusivity of Ti in 
ZnS crystals.

EXPERIMENTAL

The samples under study are obtained by 
diffusion doping with Ti of starting pure ZnS 
single crystals in P.N. Lebedev physical institute 
of Russian Academy of Sciences. A detailed 
description of this growth method and main 
characteristics of the ZnS crystals are presented 
in [4]. 

The crystals doping was carried out by 
impurity diffusion from a metal Ti layer deposited 
on the crystal surface. A titanium is deposited on 
one of the large surfaces of the crystalline plate 
(10×5×1mm) cut out parallel to the plane (111). 
The nickel layer thickness made the order 10μm. 
Crystals were annealed in He+Ar atmosphere at 
the temperatures of 1270-1370 K. The diffusion 
process was 5h long. After annealing, the ZnS:Ti 
crystals were characterized by the presence of 
diffusion profile with a thickness increasing with 
the annealing temperature elevation. The profile 
color  varied from light yellow to dark yellow 
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function of impurity concentration depending 
on concentration of introduced impurities is 
determined in [5] by the

Fig. 1. Spectra of optical density of ZnS (1) 
and ZnS:Ti samples 3 (2) and 4 (3)

Table 1. 
Optical characteristics of ZnS:Ti crystals in 
the absorption edge region

Sam-
ple 
No

Type of the crystal Eg, 
eV

ΔΕg, 
meV

N, 
cm-3

1 ZnS  starting 3.75 --- ---

2 ZnS:Ti, 
annealing 1270 K 3.69 60 5·1018

3 ZnS:Ti, 
annealing 1320 K 3.65 100 2·1019

4 ZnS:Ti, 
annealing 1370 K 3.62 130 5·1019

relation: 1 3 1 3
5

0

32 10
4g

s

eNE
π πe e
 D = ⋅  
 

,             (2)

where е is electron charge, N, impurity concentra-
tion in сm-3, es = 8.3 is ZnS dielectric constant, 
e0, electric constant. The titanium concentration 
in the studied crystals was calculated from band 
gap width changing (see Table 1). The maximum 
Ti concentration (5·1019 cm-3) for the crystals an-
nealed at 1370 K.

as the temperature increases, in contrast with 
colourless undoped crystals.

Diffusion of Ti was performed under conditions 
in which the impurity concentration in the source 
remained virtually constant. In this case, the 
solution of Fick’s diffusion equation for the one-
dimensional diffusion has the form 

0( , ) 1
4
xÑ x t C erf
Dt

 = - 
 

,           (1)

where C0 is the activator concentration at the 
surface and the symbol “erf” denotes the error 
function (the Gaussian function).The optical 
density D* spectra were measured using a MDR-
6 monochromator with 1200, 600, and 325 
grooves/mm diffraction grates. The first grate was 
used to analyze the absorption spectra in the 3.8-
1.6 eV photon energy range, the second, in the 
1.6-0.6 eV one, and third, in the 0.6-0.4 eV one. 
A FEU-100 photomultiplier was used as a light 
flow receiver in the visible spectral region, while 
FR-1P photoresistor working in the alternating 
current mode in the IR region. The optical 
density spectra were measured at 77 and 300 K. 

When measuring the diffusion profile of the Ti 
impurity, a thin plate of the crystal (0.2–0.4 mm) 
was cleaved in the plane parallel to the direction 
of the diffusion flux. The measurement of the 
profile of optical density of the Ti-doped crystals 
was performed using an MF-2 microphotometer. 
This device allowed us to measure the magnitude 
of optical density with a step of 10 μm in the 
direction of the diffusion flux. In this case, the 
integrated optical density was measured in the 
spectral range of 2.8–2.4 eV.

ANALYSIS OF OPTICAL DENSITY 
SPECTRA  

The spectra of optical density of undoped ZnS 
crystals at 77К are feature an absorption edge 
with energy of 3.75 eV (Fig.  1, curve 1). In the 
range 0.40-3.6 eV, no features of the absorption 
spectra of undoped crystals are found.

Doping of crystals with titanium leads in the 
absorption edge shift towards lower energies 
(Fig. 1, curves 2-3). The shift value increases 
with annealing temperature and is due to 
the interimpurity Coulomb interaction. The 
band gap width variation ΔEg (in meV) as a 
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where C0 is the activator concentration at the 
surface and the symbol “erf” denotes the error 
function (the Gaussian function).The optical 
density D* spectra were measured using a 
MDR-6 monochromator with 1200, 600, and 
325 grooves/mm diffraction grates. The first 
grate was used to analyze the absorption spectra 
in the 3.8-1.6 eV photon energy range, the 
second, in the 1.6-0.6 eV one, and third, in the 
0.6-0.4 eV one. A FEU-100 photomultiplier was 
used as a light flow receiver in the visible 
spectral region, while FR-1P photoresistor 
working in the alternating current mode in 
the IR region. The optical density spectra were 
measured at 77 and 300 K.  

When measuring the diffusion profile of the 
Ti impurity, a thin plate of the crystal (0.2–
0.4 mm) was cleaved in the plane parallel to the 
direction of the diffusion flux. The measurement 
of the profile of optical density of the Ti-doped 
crystals was performed using an MF-2 
microphotometer. This device allowed us to 
measure the magnitude of optical density with a 
step of 10 μm in the direction of the diffusion 
flux. In this case, the integrated optical density 
was measured in the spectral range of 2.8–
2.4 eV. 
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SPECTRA   
The spectra of optical density of undoped ZnS 

crystals at 77К are feature an absorption edge 
with energy of 3.75 eV (Fig.  1, curve 1). In 
the range 0.40-3.6 eV, no features of the 
absorption spectra of undoped crystals are 
found. 

Doping of crystals with titanium leads in the 
absorption edge shift towards lower energies 
(Fig. 1, curves 2-3). The shift value increases 
with annealing temperature and is due to the 
interimpurity Coulomb interaction. The band 
gap width variation ΔEg (in meV) as a function 
of impurity concentration depending on 
concentration of introduced impurities is 
determined in [5] by the relation: 
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where е is electron charge, N, impurity 
concentration in сm-3, s = 8.3 is ZnS dielectric 

constant, 0, electric constant. The titanium 
concentration in the studied crystals was 
calculated from band gap width changing (see 
Table 1). The maximum Ti concentration 
(5·1019 cm-3) for the crystals annealed at 
1370 K. 

In the visible spectral region, the spectra of 
the optical density of the ZnS:Ti crystals 
involve a series of poorly resolved lines 
(Fig. 2). The absorption of the light in this 
region increases as the titanium concentration. 
In the absorption spectrum of the lightly-doped  

 
Table 1.  

Optical characteristics of ZnS:Ti crystals in the 
absorption edge region 

Sam-
ple 
No 

Type of the crystal Eg, 
eV 

ΔΕg, 
meV 

N, 
cm-3 

1 ZnS  starting 3.75 --- --- 

2 ZnS:Ti,  
annealing 1270 K 3.69 60 5·1018 

3 ZnS:Ti,  
annealing 1320 K 3.65 100 2·1019 

4 ZnS:Ti,  
annealing 1370 K 3.62 130 5·1019 
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Fig. 1. Spectra of optical density of ZnS (1) and 
ZnS:Ti samples 3 (2) and 4 (3). 
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In the visible spectral region, the spectra of the 
optical density of the ZnS:Ti crystals involve a 
series of poorly resolved lines (Fig. 2). The ab-
sorption of the light in this region increases as 
the titanium concentration. In the absorption 
spectrum of the lightly-doped ZnS:Ti crystals ob-
tained at 1270 K, nine absorption lines can be dis-
tinguished, namely, at 1.58, 1.72, 2.0, 2.13, 2.37, 
2.52, 2.75, 2.85 and 3.26 eV(Fig. 2, curve 1). 

Fig. 2. Spectra of optical density of ZnS:Ti 
crystals in the visible region. Samples (1) 2 and 
(2) 3

As the doping level increased, the location 
of the lines at 1.58, 2.0, 2.13, 2.37, 2.52, 2.75, 
2.85 eV remained unchanged (Fig. 2, curve 2). 
Studies of optical density in the temperature 
range 77-300 K showed that the location of these 
lines remained unchanged. Such conduct is char-
acteristic for the absorption lines conditioned 
by the optical transitions of electrons within the 
impurity ion limits [6]. In the Table 2, the ener-
gies of optical transitions in the limits of the Ti2+ 

ion and their identification are given. This table 
is constructed based on our experimental results 
and our calculations of the Ti2+ ion energy states 
in ZnS lattice performed on the Tanabe-Sugano 
diagrams [7]. It is achieved the best accordance 
of experiment and theory at the parameters of the 
crystalline field of Δ=3800 cm-1 and В=770 cm-1. 
Values of Δ and B parameters correspond with the 
results of the calculations performed in [8]. 

Table 2. 
Optical transitions in the limits of Ti2+ ion

Line
no. Eexp, eV Ecalc, eV Transition

1. 3.26 --- 3A2(F)+hν→ 2E(D)+e-c.b.

2. 2.85 2.87 3А2(F)®1T2(G)

3. 2.75 2.76 3А2(F)®1E(G)

4. 2.52 2.55 3А2(F)®1T2(G)

5. 2.37 2.39 3А2(F)→1A1(G)

6. 2.13 2.10 3А2(F)→3T1(P)

7. 2.0 1.98 3А2(F)®1T2(D)

8. 1.72 1.72[8] 2E(D)+hν→3A2(F)+e+
v.b

9. 1.58 1.55 3А2(F)®1E(D)

10. 0.78 0.77 3А2(F)→3T1(F)

11. 0.48 0.47 3А2(F)→3T2(F)

It is established that the 3.26 eV line (I1-line) 
change their position under variations in the Ti 
concentration. I1-line shift towards lower energies 
at 40 meV with the increase of titan concentration 
from 5·1018  cm-3 to 2·1019  cm-3 (Fig 2, curve 
2). Such shift corresponds to the concentration 
change of zinc sulfide band gap width by titan 
doping (see Table 1). At the increase of crystals 
temperature from 77 to 300 K I1-line shift towards 
lower energies at 110 meV. Such shift corresponds 
to the temperature change of zinc sulfide band gap. 
Thus, the I1-line absorption can be conditioned by 
Ti2+ ion photoionization

Ti2++hν→ Ti3++e-
c.b.                                  (3)

This is also confirmed by a photoconductivity 
presence in this region.

The behavior of the absorption line at 1.72 eV 
(I2-line) is identical to the behavior of the I1-
line. I2-line also shift towards lower energies at 
40 meV with the increase of titan concentration 
from 5·1018  cm-3 to 2·1019  cm-3 (Fig. 2, curve 2). 
At the increase of crystals temperature from 77 to 
300 K I2-line shift towards lower energies at 110 
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ZnS:Ti crystals obtained at 1270 K, nine 
absorption lines can be distinguished, namely, at 
1.58, 1.72, 2.0, 2.13, 2.37, 2.52, 2.75, 2.85 and 
3.26 eV(Fig. 2, curve 1). As the doping level 
increased, the location of the lines at 1.58, 2.0, 
2.13, 2.37, 2.52, 2.75, 2.85 eV remained 
unchanged (Fig. 2, curve 2). Studies of optical 
density in the temperature range 77-300 K 
showed that the location of these lines remained 
unchanged. Such conduct is characteristic for 
the absorption lines conditioned by the optical 
transitions of electrons within the impurity ion 
limits [6]. In the Table 2, the energies of optical 
transitions in the limits of the Ti2+ ion and their 
identification are given. This table is 
constructed based on our experimental results 
and our calculations of the Ti2+ ion energy states 
in ZnS lattice performed on the Tanabe-Sugano 
diagrams [7]. It is achieved the best accordance 
of experiment and theory at the parameters of 
the crystalline field of Δ=3800 cm-1 and 
В=770 cm-1. Values of Δ and B parameters 
correspond with the results of the calculations 
performed in [8].  

It is established that the 3.26 eV line (I1-line) 
change their position under variations in the Ti 
concentration. I1-line shift towards lower 
energies at 40 meV with the increase of titan 
concentration from 5·1018  cm-3 to 2·1019  cm-3 
(Fig 2, curve 2). Such shift corresponds to the 
concentration change of zinc sulfide band gap 
width by titan doping (see Table 1). At the 
increase of crystals temperature from 77 to 
300 K I1-line shift towards lower energies at 110 
meV. Such shift corresponds to the temperature 
change of zinc sulfide band gap. Thus, the I1-line 
absorption can be conditioned by Ti2+ ion 
photoionization 

Ti2++hν→ Ti3++e-
c.b.  (3) 

This is also confirmed by a photoconductivity 
presence in this region. 

The behavior of the absorption line at 1.72 eV 
(I2-line) is identical to the behavior of the I1-line. 
I2-line also shift towards lower energies at 
40 meV with the increase of titan concentration 
from 5·1018  cm-3 to 2·1019  cm-3 (Fig. 2, curve 
2). At the increase of crystals temperature from 
77 to 300 K I2-line shift towards lower energies 
at 110 meV. The corresponding absorption 
process can be represented as 

Ti++hν→ Ti2++e+
v.b.  (4) 

In the IR-region the spectra of optical density  

Table 2.  
Optical transitions in the limits of Ti2+ ion. 
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The optical density of the crystals increased 
with titanium concentration growth. The 
location of this band was unchanged under the 
temperature varying from 77 to 300 К and 
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1. 3.26 --- 3A2(F)+hν→ 
2E(D)+e-

c.b. 
2. 2.85 2.87 3А2(F)1T2(G) 
3. 2.75 2.76 3А2(F)1E(G) 
4. 2.52 2.55 3А2(F)1T2(G) 
5. 2.37 2.39 3А2(F)→1A1(G) 
6. 2.13 2.10 3А2(F)→3T1(P) 
7. 2.0 1.98 3А2(F)1T2(D) 
8. 1.72 1.72[8] 2E(D)+hν→3A2(F)

+e+
v.b 

9. 1.58 1.55 3А2(F)1E(D) 
10. 0.78 0.77 3А2(F)→3T1(F) 
11. 0.48 0.47 3А2(F)→3T2(F) 
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Fig. 2. Spectra of optical density of ZnS:Ti 
crystals in the visible region. Samples (1) 2 and 
(2) 3. 
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meV. The corresponding absorption process can 
be represented as

Ti++hν→ Ti2++e+
v.b.                                      (4)

In the IR-region the spectra of optical density 
of ZnS:Ti crystals are characterized by the broad 
absorption bands at 0.48 and 0.78 eV. The optical 
density of the crystals increased with titanium 
concentration growth. The location of this band 
was unchanged under the temperature varying 
from 77 to 300 К and titanium concentration 
varying. These absorption lines were observed 
before in [8]. According to our calculations (see 
Table 2), the absorption band at 0.48 eV can be 
explained by 3А2(F)®3T1(F) transitions occurring 
in the limits of Ti2+ ion. The absorption band at 
0.78 eV is due to the 3А2(F)®3T2(F) intracenter 
transitions. At excitation by light corresponding 
to the high-energy intrinsic absorption region 
of Ti2+ ions intracenter emission 3T1(F)→3A2(F) 
transitions were observed.

It should be noted that, as the doping level 
of the crystals increased, the absorption bands 
broadened. A similar broadening of the structure 
of the lines takes place in the absorption spectra 
in the visible spectral region. This is apparently 
associated with manifestation of the impurity–
impurity interaction of the Ti2+ ions.

DETERMINATION OF THE TITANIUM 
DIFFUSIVITY IN THE ZnS CRYSTALS 

The presence of characteristic titanium-
absorption lines in the visible region of the 
spectrum indicates that it is possible to determine 
the impurity-diffusion profile by measuring the 
relative optical density (Δ*). This quantity is a 
function of the coordinate x in the direction of the 
diffusion flux and is defined by the expression

                 
* *( ) *( )

*(0) *( )
D x D
D D

- ∞
D =

- ∞
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where D*(x) is the crystal’s optical density as a 
function of the coordinate x, D*(0) is the optical 
density of the crystal in the surface layer with 
the coordinate  x = 0, and D*(¥) is the optical 
density of the crystal in the region, where the 
titanium concentration is negligible (the crystal 
is not doped). The chosen definition of relative 

optical density makes it possible to compare the 
dependence Δ*(x) with the impurity concentration 
profile C(x)/C0 calculated by formula (1). By 
choosing the value of the diffusivity in Eq. (1), we 
managed to obtain good agreement between the 
relative optical density and titanium concentration 
profiles in the crystals (Fig. 3). 

Fig. 3. Profiles of relative optical density 
(points in the curve) and diffusion profiles of     
Ti (solid lines) of ZnS:Ti crystals, samples (1) 3 
and (2) 4. The temperature dependence of the 
Ti diffusivity in ZnS crystals is in the inset.

The diffusivities of Ti in ZnS crystals at 
temperature 1270-1370 K were calculated 
similarly. The temperature dependence of 
diffusivity D(T), presented in inset to Fig. 3, is 
described by Arrhenius equation
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where the factor D0=2.2·103 сm2/s, while the 
activation energy of diffusion Е=2.33 eV. At the 
crystals annealing temperature of 1270 K the 
diffusivities of titanium is 10-10 сm2/с. This value 
is the same order that iron diffusivity in ZnS 
crystals, which we determined according to the 
procedure described in [9].
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1. The method of titanium diffusion doping 
of ZnS single crystals was developed. The 
maximum concentration of titanium impurity 
determined by the shift of the absorption edge 
in ZnS:Ti crystals was 5·1019 cm-3. 

2. The nature of absorption lines of ZnS:Ti 
crystals in the visible and IR regions of the 
spectrum was identified.

3. The diffusivities of titanium in ZnS crystals 
in the temperature range 1270-1370 К were 
calculated for the first time. Analysis of the 
temperature dependence D(T) allowed us 
to determine the coefficients in Arrhenius 
equation: D0=2.2·103 сm2/s and Е=2.33 eV. 
At 1270 K the diffusivity of Ti is 10-10 cm2/s.
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OBTAINING AND OPTICAL PROPERTIES OF ZnS:Ti CRYSTALS

Abstract
ZnS:Ti single crystals obtained by diffusion doping are investigated. The spectra of optical density 

in the energy range 0.4-3.8 eV are investigated. On absorption edge shift of investigated crystals the 
titanium concentration is calculated. Nature of optical transitions determining optical properties of 
ZnS:Ti single crystals in the visible and IR-region of spectrum is identified.

The diffusion profile of the Ti dopant is determined  via measurement of the relative optical density 
of the crystals in the visible spectral region. The Ti diffusivities  in the ZnS crystals at 1270-1370 K 
are calculated. The Ti diffusivity at 1270 K equals 10-10 cm2/s.

Key words: zinc sulfide, diffusion doping, titanium  impurity, optical density, diffusivity.
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УДК 621.315.592

Ю. Ф. Ваксман, Ю. А. Ницук, Ю. Н. Пуров, А. С. Насибов, П. В. Шапкин

ПОЛУЧЕНИЕ И ОПТИЧЕСКИЕ СВОЙСТВА КРИСТАЛЛОВ ZnS:Ti

Резюме
Исследованы монокристаллы ZnS:Ti, полученные методом диффузионного легирования. 

Исследованы спектры оптической плотности в области энергий 0.4-3.8 эВ. По величине 
смещения края поглощения определена концентрация титана в исследуемых кристаллах. 
Идентифицирована природа оптических переходов, определяющих оптические свойства 
монокристаллов ZnS:Ti в видимой и ИК-области спектра.

Диффузионный профиль примеси титана определен путем измерения  относительной 
оптической плотности кристаллов в видимой области спектра. Рассчитаны коэффициенты 
диффузии титана в кристаллах ZnS при температурах 1270-1370 К. При 1270 K коэффициент 
диффузии титана составляет 10-10см2/с. 

Ключевые слова: сульфид цинка, диффузионное легирование, примесь титана, оптическая 
плотность, коэффициент диффузии.
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Ю. Ф. Ваксман, Ю. А. Ніцук, Ю. Н. Пуров, А. С. Насібов, П. В. Шапкін

ОТРИМАННЯ І ОПТИЧНІ ВЛАСТИВОСТІ КРИСТАЛІВ ZnS:Ti

Резюме
Методом дифузійного легування отримані монокристали ZnS:Ті. Досліджено спектри 

оптичної густини в області енергій 0.4-3.8 еВ. За величиною зсуву краю поглинання визначена 
концентрація титану в досліджуваних кристалах. Ідентифіковані оптичні переходи, що 
визначають спектр  поглинання монокристалів ZnS:Ті в видимій та ІЧ області спектру.

Дифузійний профіль домішки Ті визначався за вимірюваннями  відносної оптичної густини 
кристалів у видимій області спектру. Вперше розраховано коефіцієнти дифузії титану в 
кристалах ZnS при температурах 1270-1370 К. При 1270 К коефіцієнт дифузії титану становить 
10-10 см2/с. 

Ключові слова: сульфід цинку, дифузійне легування, домішка титану, оптична густина, 
коефіцієнт дифузії.
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RELATIVISTIC THEORY OF SPECTRA OF PIONIC ATOMS WITH ACCOUNT OF THE 
RADIATIVE AND NUCLEAR CORRECTIONS

A new theoretical approach to the description of spectral parameters pionic atoms in the 
excited states with precise accounting relativistic, radiation, nuclear, electron screening effects 
on the basis of the relativistic Klein-Gordon-Fock equation and QED perturbation theory 
formalism is developed. A consistent relativistic theory of hyperfine structure of spectra for 
the pionic atoms is presented. Numerical data on the electromagnetic contributions to the 
transition energies in spectra of different pionic atoms are listed. 

1. Introduction

Our work is devoted to the development of 
a new theoretical approach to the description of 
spectral parameters pionic atoms in the excited 
states with precise accouting relativistic, radia-
tion, nuclear, electron screening effects on the 
basis of Klein-Gordon-Fock equation and a de-
velopment of a consistent relativistic theory of 
hyperfine structure of spectra. There are calcu-
lated energies of X-ray np-1s (n=2-4) transitions 
in the pionic hydrogen spectrum, 5g-4f, 5f-4d, 
transitions, hyperfine structure levels energies 
and probabilities in pionic nitrogen,  6h-5g, 6g- 
5f transitions for pionic Ne, transitions energies 
in the spectra of middle  and heavy pionic atoms 
(scuh as 133Ss, 175Lu, 181Ta, 205Tl, 202Pb, 238U) with 
precise accouting radiation (vacuum polariza-
tion), nuclear, electron screening effects. As in-
troduction let us remind that at present time stud-
ying the exotic hadronic atomic systems such as 
pionic atoms is of a great interest for further de-
velopment of atomic and nuclear theories as well 
as new tools for sensing the nuclear structure and 
fundamental pion-nucleus strong interactions. In 
the last few years transition energies in pionic 
atoms [1] have been measured with an unprec-
edented precision. Besides, light pionic atoms can 
additionally be used as a new low-energy X-ray 
standards [1]. More over, their spectra studying 
allows to determine the pion mass using the high-

est accuracy in comparison with other methods. 
TO nowadays, new advanced experiments are 
been preparing in order to make sensing the elec-
tromagnetic and strong interaction effects in dif-
ferent pionic atoms. 

The most popular theoretical models are natu-

rally (pion is the Boson with spin 0, mass -π
m

=139.57018 МэВ, rp-=0.672±0.08 fm) based on 
the using the Klein-Gordon-Fock equation, but 
there are many important problems connected 
with accurate accounting for as pion-nuclear 
strong interaction effects as QED radiative cor-
rections (firstly, the vacuum polarization effect 
etc.). This topic has been a subject of intensive 
theoretical and experimental interest (see [1-14]). 
The perturbation theory expansion on the physi-
cal; parameter aZ is usually used to take into ac-
count the radiative QED corrections, first of all, 
effect of the polarization of electron-positron 
vacuum etc. This approximation is sufficiently 
correct and comprehensive in a case of the light 
pionic atoms, however it becomes incorrect in a 
case of the heavy atoms with large charge of a 
nucleus Z. So, there is a high necessity to develop 
non- perturbative methods in order to account the 
QED effects. Besides, let us underline that more 
correct accounting of the finite nuclear size and 
electron-screening effects for heavy pionic atoms 
is also very serious and actual problem. At last, 
a development of the comprehensive theory of 
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hyperfine structure is of a great interest and im-
portance in a modern theory of the pionic atom 
spectra.

2. New relativistic theory of pionic atoms with 
accounting the radiative, nuclear,  electron-
screening and hyperfine structure effects

As usually, the relativistic dynamic of a spin-
less boson particle should be described on the 
basis of the Klein-Gordon-Fock (KGF) equa-
tion. The electromagnetic interaction between a 
negatively charged pion and the atomic nucleus 
can be taken into account introducing the nuclear 
potential Aνin the KG equation via the minimal 
coupling pν→ pν− qAν. The wave functions of the 
zeroth approximation for pionic atoms are deter-
mined from the KGF equation [1]: 

 (1)

where h is the Planck constant, c the velocity of 
the light and the scalar wavefunction Ψ0(x) de-
pends on the space-time coordinate x = (ct,r). 
Here it is considered a case of a central Coulomb 
potential (V0(r), 0). Here we consider the station-
ary solution of  (1) and represent the wave func-
tion as follows: 

                  )(	)/=Ψ xt ϕexp(-iE  (x) .             (2)

Resulting master equation looks as:

                                                                     (3)

where E is the total energy of the system (sum of 
the mass energy mc2 and binding energy e0). In 
principle, the central potential V0 should include 
the central Coulomb potential, the radiative (in 
particular, vacuum-polarization) potential as well 
as the electron-screening  potential in the atomic-
optical (electromagnetic) sector. Surely, the full 
solution of the pionic atom energy especially for 
the low-excited state requires an inclusion the 
pion-nuclear strong interaction potential. How-
ever, if a pion is on the high orbit of the atom, 
the strong interaction effects can not be accounted 
because of the negligible value.

The solution of the Eq. (3) can be resulted in 
system of the differential equations as follows:
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dr
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where  р is the radial part of the pion wave func-
tion. 

The important nuclear effect is the finite size 
one (the Breit-Rosenthal-Crawford-Schawlow ef-
fect). We will use the widespread Gaussian model 
for nuclear charge distribution. This is  the smooth 
function, and as result it has a advantage in com-
parison with usually used model of a uniformly 
charged sphere [2-5]. It is obvious that it simpli-
fies the calculation procedure and permits to per-
form a flexible simulation of the real distribution 
of the charge in a nucleus. Another variant for the 
nuclear charge distribution function is given by 
the known Fermi model. Within this model the 

charge distribution in the nucleus ( )rρ  is defined 
as (c.f.[15]): 

                      (6) 

where the parameter a=0.523 fm, the parameter с 
is chosen by such a way that it is true the follow-
ing condition for average-squared radius: 

         <r2>1/2=(0.836×A1/3+0.5700)fm. 

The Gauss model is determined as follows: 

              ( ) ( ) ( ),exp4 223 rRr γπγρ -=         (7)

where 24 Rπ=γ , R is an effective radius of a 
nucleus.

Further let us present the formulas for the fi-
nite size nuclear potential (its derivatives on the 
nuclear radius).  If the point-like nucleus has the 
central potential W( R),  then a transition to the fi-
nite size nuclear potential is realized by exchang-
ing W(r) by the potential [16]:              
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where E is the total energy of the system 
(sum of the mass energy mc2 and binding 
energy 0). In principle, the central potential 
V0 should include the central Coulomb 
potential, the radiative (in particular, 
vacuum-polarization) potential as well as the 
electron-screening  potential in the atomic-
optical (electromagnetic) sector. Surely, the 
full solution of the pionic atom energy 
especially for the low-excited state requires 
an inclusion the pion-nuclear strong 
interaction potential. However, if a pion is on 

the high orbit of the atom, the strong 
interaction effects can not be accounted 
because of the negligible value. 
          The solution of the Eq. (3) can be 
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where  р is the radial part of the pion wave 
function.  
         The important nuclear effect is the 
finite size one (the Breit-Rosenthal-
Crawford-Schawlow effect). We will use the 
widespread Gaussian model for nuclear 
charge distribution. This is  the smooth 
function, and as result it has a advantage in 
comparison with usually used model of a 
uniformly charged sphere [2-5]. It is obvious 
that it simplifies the calculation procedure 
and permits to perform a flexible simulation 
of the real distribution of the charge in a 
nucleus. Another variant for the nuclear 
charge distribution function is given by the 
known Fermi model. Within this model the 
charge distribution in the nucleus  r  is 
defined as (c.f.[15]):  
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Ueling-Serber potential in Eq. (11) can be 
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where  Zrx / .The quite complex 
expressions for determination of the electric 
and magnetic form-factors are given in ref. 
[15]. An account of the finite nuclear size 
effect changes (12) as follows [13,16]: 
 

   

 
,1

2
11

/2exp
3

2

2

2

2

3
2

rr
r

t
t

t

Zrrtdtrdr
m

FS
U










 

 








                                                                 (15) 

 The next step is an account of the 
electron screening effect. It should be noted 
that the electron shells are not survived in the 
light pionic atoms during the cascade 
processes accompanying the formation of a 
pionic atom. However, in a case of the heave 
systems, the internal electron shells survive 
and this fact should be reflected in a precise 

where 24 R , R is an effective radius 
of a nucleus. 
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the finite size nuclear potential (its 
derivatives on the nuclear radius).  If the 
point-like nucleus has the central potential 
W( R),  then a transition to the finite size 
nuclear potential is realized by exchanging 
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We assume it as some zeroth approximation. 
Further the derivatives of various 
characteristics on R are calculated. They 
describe the interaction of the nucleus with 
outer electron; this permits recalculation of 
results, when R varies within reasonable 
limits. The Coulomb potential for the 
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    It is determined by the following system of 
differential equations (for the Fermi model) 
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pole moment m and quadruple electric moment Q 
of a nucleus. Hitherto, only magnetic contribution 
has been studied. The quadruple interaction is not 
treated hitherto. One  could consider energy of the 
hyperfine interaction, which looks as: 

                                                                       (15)

Here H and j are defined as, respectively, the 
magnetic field and electrostatic potential pro-
duced by an electron (pion) in the position of the 
nucleus. Following to the standard procedure, af-
ter multiple transformations the final expression 
for the energy of the hyperfine splitting (magnetic 
part of) the energy levels of the atom in the pion: 
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Here  

μN= cme p2/

and other notations are standard.  
In a consistent precise theory it is important al-
lowance for the contribution to the energy of the 
hyperfine splitting of the levels in the spectrum of 
the pion atom due to the interaction of the orbital 
momentum of the pion with the quadrupole mo-
ment of the atomic nucleus. The corresponding 
part looks as follows:
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Here L – is orbital moment of pion, F is a total 
moment of an atom. 

3. Results and conclusions

Table 1 and Figure 1 shows the experimental 
data by Schröder etal, Gotta etal («Pionic hydro-
gen & pion mass collaboration»; Inst-PSI, Swit-
zerland) and theoretical results: our data and data 
from other theories (KGF theory with analytical 
formula for the pionic H atom taking into ac-
count QED account within expansions in aZ by 
Schlesser-Indelicato, Schröder etal, two-channel 
theory considering the Uehling-Serber correction 
and the finite size of the nucleus by Sigg etal [4-
12]. Besides, the QED contributions to the energy 
of the ground state pionic hydrogen are listed.

Table 1. Theoretical (T), experimental (Exp) 
energies (eV)  for the np-1s (n = 2-4) transitions 
in p-H and QED contributions to the ground 
state energy
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theory. Our procedure for accounting this 
effect is a standard one and includes addition 
to the total interaction potential SCF 
potential of the electrons, which can be 
determined within the Dirac-Fock method by 
solution of the standard relativistic Dirac 
equations. To realize this step, we have used 
the QED perturbation theory formalism for 
relativistic many-electron atom.  Further in 
order to calculate probabilities of the 
Radiative transitions between energy level of 
the pionic atoms we have used the relativistic 
energy approach [16]. 
 The final topic of the theory is 
calculation of the hyperfine structure 
parameters. Here one could use the standard 
theory of hyperfine structure of the usual 
multi-electron atom. As usually, the 
hyperfine structure is arisen because of the 
interaction of the orbital pion with a 
magnetic dipole moment  and quadruple 
electric moment Q of a nucleus. Hitherto, 
only magnetic contribution has been studied. 
The quadruple interaction is not treated 
hitherto. One  could consider energy of the 
hyperfine interaction, which looks as:  
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Here L – is orbital moment of pion, F is a 
total moment of an atom.  
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Overall, between different theories is a good 
agreement that, in principle, due apparently 

Fig 1.  X-ray 3-1 transition in the spectrum of 
pionic H (Gotta etal); (narrow structure inside 
line indicates resolution spectrometer

negligible contribution to QED, nuclear and oth-
ers corrections for little Z (here Z=1, aZ<1). 

The pion-nuclear strong shift of the 1s level 
in pionic hydrogen DE1s can be calculated as a 
difference between the experimental energy and 
exact electromagnetic value. 

The corresponding results are listed below [4-
12]: in the theory Schlesser-Indelicato etal with 
using the experimental data by Schröder etal: DE1s 
= -7.072 ± 0.013 (stat.) ± 0.034 (syst.) eV, with 
experimental data by Gotta etal: DE1s = -7.085 ± 
0.011 (stat.) ± 0.026 (syst.); the result by  Sigg 

etal: DE1s = -7.108 ± 0.013 (stat.) ± 0.034 (syst.); 
the result by Gotta etal DE1s = 7.120 ± 0.014eV; 
the theory of quantum defect by Mitroy-Ivallov 
gives the value:  DE1s = 7.108 ± 0.047 eV. 

Our relativistic theory provides such results: 
DE1s = 7.077 ± ± 0.013 (stat.) ± 0.034 (syst.) with 
using the experimental data by Schröder etal and 
DE1s = 7.090эV ± 0.011 (stat.) ± 0.026 (syst.) with 
the data by Gotta etal.

In table 2 we present our data on the hyper-
fine splitting energies of the 9p level  (F=1/2,3/2) 
for a number of the light, medium, heavy pionic 
atoms. The data by Trassinelli-Indelicato [6] are 
presented for comparison too. 

Table 2. Hyperfine splitting energies of 
the 9p level  (F=1/2,3/2) for a number of the 
light, medium, heavy pionic atoms: Theory I 
-  Trassinelli-Indelicato ; Theory II – our data;

Atom Z Т.I T.II
1H 1 0.0001 0.0001
13С 6 0.0060 0.0058
14N 7 - 0.0296
15N 7 -0.0039 -0.0033
17O 8 - 0.0531
19F 9 0.0767 0.0764
20Ne 10 - 0.1003
43Ca 20 - -0.1256
57Fe 26 0.0643 0.0639
129Xe 54 -4.1295 -4.1620
133Cs 55 - 1.0569
175Lu 71 - 1.2304
181Ta 73 - 1.2521
205Tl 81 - 7.0407
202Pb 82 -7.8662 -7.7954
235U 92 - 9.2074
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In table 3 we present our data on the different 
contributions to the 5f - 4d energy in pionic nitro-
gen (our data). 

Table 3. Different contributions to the 5f - 4d 
energy (eV)in pionic nitrogen (our data)

Contribution 5f-4d
Coulomb 4054.7160

Finite size of a nucleus 0.0000
Self-energy -0.0003

Vacuum polarization- 
Uehling-Serber

2.9462

Vacuum polarization- 
Wichman-Kroll

-0.0012

Vacuum polarization- Kallen-
Sabry

0.0271

Relativistic recoil effect 0.0028
Other -0.0020

Total energy 4057.6886

It is interesting to compare the results of our 
theory for the nitrogen atom with similar data in 
the theory of Trassinelli-Indelicato for the 5g-4f 
transition.  The Radiative vacuum polarization 
corrections in our theory are as follows: the Ueh-
ling-Serber contribution -1.2478 eV; the total vac-
uum polarization one is 1.2618 eV; the total po-
larization contribution in the theory by Trassinel-
li-Indelicato: 1.2602 eV [6]. There is a very good 
agreement between two theories for sufficiently 
light atom of nitrogen. This is regarding the 5g-
4f transition energies: our theory - 4055.3791eV, 
theory by Trassinelli-Indelicato: 4055.3801eV.

We have carried out the calculating the param-
eters (table 4) of a number of the X-ray transi-
tions (5g-4f, 4f-3d) spectra of medium and heavy 
pionic atoms (43Ca, 133Cs, 175Lu,181Ta, 205Tl etc) 
with precise accounting of the relativistic, QED 
(corrections of the Uehling-Serber, Källen-Sabry, 
Wichmann-Kroll etc.), nuclear (finite size of the 
nucleus within the Fermi and Gauss models), 
electron screening (availability of the internal 
electronic shells) effects. 

Table 4. The 4f-3d, 5g-4f  transition energies 
(keV) in spectra of some atoms (see text)

Note:EEXP(Virginia)238U (5g-f)=730.88± 0.75
Our new data (EEM) for a number of pionic at-

oms are listed in Table 4, where for comparison 
there are presented other experimental data (EEXP; 
Berkley, CERN, Virginia laboratories) and theo-
retical data: the KGF alternative theory of the use 
of model of the uniformly charged ball  and aZ 
QED expansion decay (EKGF+aZ) [1-13]. Besides, 
we also list the corresponding data , obtained 
within different nuclear model calculations with 
the standard (EN

1) and generalized (EN
2) potentials 

[3-5,13].
Table 5 gives very interesting illustration of 

the electron screening contributions to the energy 
transitions 5g-4f, 4f-3d for the pion lead atom due 
to the presence of 2 [He], 4 [Be] and 10 [Ne] elec-
trons, as well as (for Be-like configuration) con-
tribution due to electron correlations.
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Table 5. Contribution to the energy (eV) of the 
transition to a pion atom Pb, due tothe pres-
ence of 2 [He], 4 [Be] and 10 [Ne] electron (our 
theory)

Tr
an

si
tio

n

[H
e]

[B
e]

[B
e]

 +
 

co
rr

el
at

io
ns

[N
e]

4-3 -56.15 -65.24 -65.16 -68.12

5-4 -63.08 -72.17 -72.08 -75.64

Our main conclusion is that an accounting of 
the Radiative, nuclear and electron-screening ef-
fects is very important in a precise relativistic 
theory of spectra of the pionic atoms. As exam-
ple let us give the corresponding values of cor-
rections: corrections to the energy, in particular, 
for the 5g-4f transition of atoms 43Ca, 133Cs, 175Lu 
(5g-4f, 4f-3d), 181Ta, 205Tl (4f-3d), 202Pb, 238U, due 
to the radiative effects ate ~2-4.6keV, the nuclear 
effects - up to 0.2 keV and electron-screening ef-
fect, for example, for the 5g-4f, 4f-3d in the pionic 
Pb and others to availability of the 2[He]-10[Ne] 
electrons - ~0.05-0.08 keV. Using these measure-
ments in the laboratories of CERN, Berkley, Vir-
ginia, one could obtained the pion-nuclear strong 
interaction shift (the difference between the ex-
perimental value and the “exact”  electromagnetic 
energy(, which are for the studied atoms lying in 
the limits ~~ 0.1-6.4 keV.
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STRONG π NUCLEAT INTERACTION EFFECTS IN SPECTROSCOPY
OF HADRONIC ATOMS 

New New relativistic method on the basis of the Klein-Gordon-Fock equation with a general-
ized pion-nuclear potential is used to determine the strong interaction effects in spectroscopy of 
pionic atoms. The numerical data on 2p-1s, 3d-2p, 4f-3d,5g-4f transition energies on the basis of 
the Klein-Gordon-Fock theory with the pion-nucleus potential, the Klein-Gordon-Fock theory with 
account of the radiative and the finite nuclear size corrections are presented for in some middle and 
heavy pionic  atoms. It is performed comparison between theoretical data and results of measure-
ments in the Berkley, CERN and Virginia laboratories.

1.  Introduction
In this paper we goes on our studying on spec-

troscopy of pionic atoms and quantitative esti-
mate of the strong pion-nucleon interactions con-
tributions to the transitions energies in the X-ray 
spectra of pionic atomic systems. Let us note that 
the spectroscopy of hadron atoms has been used 
as a tool for the study of particles andfundamen-
tal properties for a long time. Exotic atoms are 
also interesting objects as they enable to probe 
aspects of atomic and nuclear structure that are 
quantitatively different from what can be studied 
in electronic or “normal” atoms. As it is known, 
one of the fundamental questions in the modern 
hadron’s physics is that the hadron masses being 
much higher than the mass of their quark con-
tent. The current mass of the up (u) and down (d) 
quarks is two orders of magnitude smaller than a 
typical hadron’s mass of about 1 GeV. This ex-
traordinary phenomenon is proposed to originate 
from spontaneous breaking of chiral symmetry of 
massless quarks in strong interaction physics [1-
5]. At present time one of the most sensitive tests 
for the chiral symmetry breaking scenario in the 
modern hadron’s physics is provided by studying 
the exotic hadron-atomic systems. Nowadays the 
transition energies in pionic (kaonic, muonic etc.) 
atoms are measured with an unprecedented pre-
cision and from studying spectra of the hadronic 
atoms it is possible to investigate the strong inter-

action at low energies measuring the energy and 
natural width of the ground level with a precision 
of few meV [1-10].  

The mechanism of creation of the hadronic at-
oms is well known now (e.g. [1,2]). Really, such 
an atom is formed when a negative pion enters a 
medium, looses its kinetic energy through ioni-
zation and excitation of the atoms and molecules 
and eventually is captured, replacing the elec-
tron, in an excited atomic orbit. The further de-
excitation scenario includes the different cascade 
processes such as the Auger transitions, Coulomb 
de-excitation, scattering etc. When a pion reaches 
a low-n state with the little angular momentum, 
strong interaction with the nucleus causes its ab-
sorption. The strong interaction is the reason for a 
shift in the energies of the low-lying levels from 
the purely electromagnetic values and the finite 
lifetime of the state corresponds to an increase 
in the observed level width. The possible energy 
shifts caused by the pion-induced fluorescence 
X-rays were checked in the measurement of the 
pion beams at PSI in Switzerland. For a long time 
the similar experimental investigations have been 
carried out in the laboratories of Berkley, Virginia 
(USA), CERN (Switzerland).

The most known theoretical models to treat-
ing the hadronic (pionic, kaonic, muonic, antipro-
tonic etc.) atomic systems are presented in refs. 
[1-5,7,8]. The most difficult aspects of the theo-
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retical modeling are reduced to the correct de-
scription of pion-nuclear strong interaction [1-3] 
as the electromagnetic part of the problem is rea-
sonably accounted for. Besides, quite new aspect 
is linked with the possible, obviously, very tiny 
electroweak and hyperfine interactions. 

2.  Relativistic approach to pionic atoms 
spectra

All available theoretical models to treating 
the hadronic (kaonic, pionic) atoms are naturally 
based on the using the Klein-Gordon-Fock equa-
tion [2,5], which can be written as follows : 
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where c is a speed of the light, h is the Planck con-
stant, and Ψ0(x) is the scalar wave function of the 
space-temporal coordinates. Usually one consid-
ers the central potential [V0(r), 0] approximation 
with the stationary solution:
               )(	)/=Ψ xt ϕexp(-iE  (x) ,                  (2)
where )(xϕ is the solution of the stationary equa-
tion:
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Here E is the total energy of the system (sum of 
the mass energy mc2 and binding energy e0). In 
principle, the central potential V0 naturally in-
cludes the central Coulomb potential, the vacu-
um-polarization potential, the strong interaction 
potential. 

The most direct approach to treating the strong  
interaction is provided by the well known optical 
potential model (c.g. [2]). Practically in all papers 
the central potential V0  is the sum of the following 
potentials. The nuclear potential for the spherical-

ly symmetric density ( )Rrρ  is [6,13]:
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The most popular Fermi-model approxima-

tion the charge distribution in the nucleus ( )rρ  

(c.f.[12]) is as follows:  
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where the parameter a=0.523 fm, the parameter с 
is chosen by such a way that it is true the follow-
ing condition for average-squared radius: 

             <r2>1/2=(0.836×A1/3+0.5700)fm. 

The effective algorithm for its definition is 
used in refs. [12] and reduced to solution of the 
following system of the differential equations: 
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with the corresponding boundary conditions.  An-
other, probably, more consistent approach is in 
using the relativistic mean-field (RMF) model, 
which been designed as a renormalizable meson-
field theory for nuclear matter and finite nuclei 
[13].To take into account the radiation correc-
tions, namely, the effect of the vacuum polariza-
tion we have used the generalized  Ueling-Serber 
potential with modification to take into account 
the high-order radiative corrections [5,12]. The 
most difficult aspect is an adequate account for 
the strong interaction. In the pion-nucleon state 
interaction one should use the following pulse ap-
proximation expression for scattering amplitude 
of a pion on the “i” nucleon [2,3]: 

( ) ( ) ( ){ } ( )0 1 0 1 ;i if r b b t c c t kk r rt t δ′ ′ ′ ′ ′ = + + + - 
                                                       (9)
where t  and t are the isospines of pion and nu-
cleon. The nucleon spin proportional terms of the 

kind [ ]kkσ ′  are omitted. The constants in (9) can 

be expressed through usual s-wave  ( )2Ta  and p-

wave ( )2 ,2T Ja  scattering length (T and J -isospin 
and spin of he system Nπ . The corresponding 

parameters in the Compton wave length π terms 
are as follows: 
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( )0 1 32 3 0.0017 .b πa a l′ = + = -

( )0 3 1 3 0.086 .b πa a l′ = - = -

( ) ( )3
0 33 13 31 114 2 2 3 0.208 .c πa a a a l′ = + + + = -

                                      

( ) ( )3
1 33 13 31 112 2 3 0.184 .c πa a a a l′ = - + - = -                               

                                                                       (10)
The scattering amplitude for pion on a nucleus can 
be  further received as a coherent sum of the  Nπ
-scattering lengths. рассеяния. In approximation 
of the only s-wave interaction the correspond-
ing potential can be written in the Dezer form:  

( ) ( ) ( )2 1 1 12 .N p nV r ZA a A Z A a rππ µ ρ- - - = - + - 

 
                                                                         (11)

The s-wave lengths of the 1 pπ - -scattering  

( )1 32 3pa a a= +  и 1nπ - - scattering 3na a= ; 
scattering are introduced to Eq. (11).  Because of 

the equality between 0 1na b b′ ′= +  and  0 1pa b b′ ′= -  
(with an opposite sign) the theoretical shift of 

the s-level with 0T = ( )2A Z=  from Eq. (12) is 
much less than the observed shift. So, the more 
correct approximation must take into account the 
effects of the higher orders. 

In whole the energy of the hadronic atom is 
represented as the sum:  

;KG FS VP NE E E E E≈ + + +      (12)                                                                   

Here KGE -is the energy of a pion in a nucleus 

( ),Z A  with the point-like charge (dominative 

contribution in (12)), FSE  is the contribution due 

to the nucleus finite size effect,  VPE is the radia-
tion correction due to the vacuum-polarization ef-

fect, NE  is the energy shift due to the strong in-

teraction NV .The last contribution can be defined 
from the experimental energy values as:

( )N KG FS VPE E E E E= - + +                                                            (13)
From the other side the strong pion-nucleus inter-
action contribution can be found from the solu-
tion of the Klein-Gordon equation with the cor-
responding meson-nucleon potential. In this case, 

this contribution NE  is the function of the poten-
tials (8)-(11) parameters.

3.  Results and conclusions

In table 1 we present the data on the tran-
sition energies in some pionic atoms (from. Refs. 
[1-4]): the measured values form the Berkley, 
CERN and Virginia laboratories, the theoretical 
values for the 2p-1s, 3d-2p, 4f-3d,5g-4f pionic 

transitions ( N
thE 1  - values from the Klein-Gordon-

Fock equation with the pion-nucleus potential [2]; 
EKGF- values from the Klein-Gordon-Fock equa-
tion with account of radiative corrections (our 
data); EKS – RMF finite nuclear size contribution 

(our data), N
thE 2 - values from the Klein-Gordon-

Fock equation with the generalized pion-nuclear 
potential [5] (our data). 
Table 1. Transition energies (keV) in the spec-
tra of some pionic atoms (see text)

Atom EEXP 
Berkley

EEXP 
CERN

EKGF EFS
N
thE 1

N
thE 2

Transition 4f-3d
Ca40

72,352±
0,009

72,357 0,00 72,361 72,362

I127

519,1± 1,1 520,8± 0,8
516,50 -0,22 520,25 520,68

Cs133

560,5± 1,1 562,0± 1,5
556,80 -0,33 561,47 562.12

La139

603,6± 0,9 604,9± 2,0
597,88 -0,45 604,56 604,84

Transition 
5g-4f

Ta181

453,1± 0,4 453,90±
0,20

450,67 -0.01 453,56 453,56

Au197

532,5± 0,5 533,16±
0,20

531,99 -0,025 532,87 532,87

Hg201 -
547,14±
0,25

545,730 - 0,036 546,85 547,22

Bi209

589,8± 0,9 590,06±
0,30

588,24 -0,05 589,75 590,16

Th232

698,0± 0,6 698,4± 0,4
693,88 -0,17 697,20 698,25

U238

731,4± 1,1 732,0± 0,4
725,78 -0,23 729,80 730,52

Note: EEXP (Virginia): Ta181(5g-4f)=453.4±0.3; 
U238(5g-4f)=730.88±0.75;
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It is easily to understand that when there is the 
close agreement between theoretical and experi-
mental shifts, the corresponding energy levels are 
not significantly sensitive to strong pion-nuclear 
interaction, i.e the electromagnetic contribution is 
dominative. In the opposite situation the strong-
interaction effect is very significant. The analysis 
of the presented data indicate on the necessity of 
the further more exact experimental investiga-
tions and further improvement of the pion-nucle-
ar potential modelling. One can see that the con-
tributions provided by the finite size effect should 
be accounted in a precise theory. Really, under 
availability of the ”exact” values of the transi-
tions energies one can perform the comparison 
of the theoretically and experimentally defined 
transition energies in the X-ray spectra in order 
to make a redefinition of the pion-nucleon model 
potential parameters using Eqs. (9)-(11). Taking 
into account the increasing accuracy of the X-ray 
pionic atom spectroscopy experiments, one can 
conclude that the such a way will make more clear 
the true values for parameters of the pion-nuclear 
potentials and correct the disadvantage of widely 
used parameterization of the potentials (9)-(11). 
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ATOMS 

Abstract
New relativistic method on the basis of the Klein-Gordon-Fock equation with a generalized pion-

nuclear potential is used to determine the strong interaction effects in spectroscopy of pionic atoms. 
The numerical data on 2p-1s, 3d-2p, 4f-3d,5g-4f transition energies on the basis of the Klein-Gordon-
Fock theory with the pion-nucleus potential and account of radiative and finite size nuclear corrections 
are presented for some middle and heavy pionic  atoms. It is performed comparison between theoreti-
cal data and results of measurements in the Berkley, CERN and Virginia laboratories. 
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ЭФФЕКТЫ СИЛЬНОГО ВЗАИМОДЕЙСТВИЯ В СПЕКТРОСKОПИИ АДРОННЫХ 
АТОМОВ 

Резюме
Новый релятивистский метод на основе уравнения Клейна-Гордона-Фока с обобщенны-

ми пион-ядерным потенциалом применен для изучения эффектов сильного взаимодействия в 
спектроскопии пионных атомов. Представлены данные по энергиям 2p-1s, 3d-2p, 4f-3d,5g-4f 
переходов для некоторых средних и тяжелых пионных атомов, полученные на основе уравне-
ния Клейна-Гордона-Фока с пион-ядерным потенциалом с учетом радиационных и конечно-
размерных ядерных поправок. Проведено сравнение теоретических данных с данными измере-
ний в лабораториях Беркли, ЦЕРН и Вирджиния.  
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Резюме
Новий релятивістський метод на основі рівняння Клейна-Гордона-Фока із узагальненим пі-

он-ядерним потенціалом застосовано до опису ефектів сильної взаємодії в спектроскопії піон-
них атомів. Отримані чисельні дані про 2p-1s, 3d-2p, 4f-3d,5g-4f енергії переходів для деяких 
середніх і важких піонних атомів, отримані на основі рівняння Клейна-Гордона-Фока з піон-
ядерним потенціалом та  урахуванням радіаційних та скінченно-розмірних ядерних поправок. 
Проведено порівняння теоретичних даних та результатів вимірювань в лабораторіях Берклі, 
ЦЕРН і Вірджинія.
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MICROSTRUCTURAL FEATURES AND COMPONENTIAL ANALYSIS OF THIN FILM 
CdS-Cu2S PHOTOSENSING STRUCTURES AS ELEMENT OF IMAGE SENSOR

The mechanisms of signal relaxation, associated with the removal processes of 
nonequilibrium charge from the space charge region of the image sensor on the basis 
of non-ideal heterojunction were investigated. The mechanism of the observed two-stage 
process was determined. Microscopic techniques (AFM, SEM) were used to estimate 
heterojunction properties (grain size, roughness) and their relations with heterojunction 
processing parameters. Novel results concerning CdS-Cu2S heterojunction surface 
morphology and impurities depth distribution were obtained. In particular, the question 
of observed variation of surface photosensitivity and components interdiffusion on 
heteroborder were clarified. Also the comparison of samples formed by two different 
methodics (electrodynamical spraying and vacuum evaporation techniques) was made. 
X-Ray diffraction (XRD) was performed in order to detect Cu–S compounds at CdS – 
Cu2S heterojunctions, fabricated by the vacuum deposition of CdS on a glass substrate and 
Cu2S layer, formed in substitution mode. The distribution of several stoichiometric phases 
of  copper (I) sulfide was obtained as main result.

Heterojunction (HJ) structures can serve as 
basic material of photodetectors for use in opti-
cal communication applications [1]. HJ structure 
between p-type Cu2S and n-type CdS is a rather 
complicated system because of the interface be-
tween two materials with different band gaps 
and crystal structure. Nonideality of considered 
CdS-Cu2S structure causes the effect of photon 
induced modulation of HJ potential barrier, that 
can be used in opto-sensorics and X-ray imaging 
applications [2, 3]. High spatial resolution, signal 
storage and large working surface are reported as 
main advantages of obtained sensor.

The mechanisms of signal relaxation, associat-
ed with the removal processes of nonequilibrium 
charge from the space charge region of the im-
age sensor on the basis of non-ideal heterojunc-
tion were investigated. The mechanism of the ob-
served two-stage process was determined: phase 
of slow relaxation - implementation of the ther-
mal emission of localized charge, that depends on 

temperature; phase of rapid relaxation - the result 
of tunneling mechanism of ejection.

CdS- Cu2S is considered as an interesting com-
pound for photovoltaic applications. Thin film 
CdS- Cu2S sells are reported to have conversion 
efficiency of more than 9%, low cost and easy 
fabrication [4]. 

However, the heterojunction structure between 
p-type Cu2S and n-type CdS is a rather complicat-
ed system because of the interface between two 
materials with different electron affinities, band 
gaps and crystal structures. The lattice mismatch 
and interdiffusion of components cause defect 
states at or near the interface that strongly affect 
the junction properties. In particular, there is Cu 
diffusion into the CdS adjacent to the interface, 
which leads to stoichiometry changing of CuxS 
layer and may cause shunting effect in CdS layer. 
But this process can be used also in positive way.

In [5] the possibility of controlling the phase 
structure, composition, and stoichiometry of CuxS 



99

films is discussed. This enables changing cer-
tain optoelectronic properties of studied material 
for the fabrication of devices such as nanoscale 
switches, sensors, and solar cells.

The research of current transfer processes in 
nonideal geteropare CdS-Cu2S allowed develop-
ing image sensor in the X-rays and optical range 
with high sensitivity and possibility of signal ac-
cumulation [3, 6]. 

The data-storage time and sensitivity of the 
sensor are determined by relaxation time of non-
equilibrium positive charge. Possible ways of 
captured by traps holes removing from the barrier 
of non-ideal heterojunction were considered: the 
thermal holes emission to the CdS valence band; 
direct holes tunneling  from trapping centers to 
the Cu2S valence band; two-stage free-electron 
tunneling from CdS quasi-neutral region to the 
space charge region and subsequent recombina-
tion with nonequilibrium hole; tunnel-hopping 
recombination.

Relaxation curves of short-circuit current at 
different points of the sensor were obtained ex-
perimentally. The relaxation curve has two well-
marked area: rapid initial photocurrent drop and 
then its relatively slow decay. At different points 
signal showed decrease with the same character-
istic relaxation time, but very different in mag-
nitude. This suggests, that sensor heterogeneity 
on the photosensitivity is caused by a substantial 
change of trapping centers concentration along 
the surface, that determine the thermal emission 
probability.

To clarify mechanisms implemented by charge 
release, sensor signal relaxation characteristics 
at different temperatures were studied. The time 
constants of later relaxation stage decrease with 
temperature increasing. This shows the imple-
mentation of thermal mechanism, which deter-
mines relaxation kinetics at this region. Relax-
ation time constants derived from experimen-
tal data and theoretical calculations are in good 
agreement and demonstrate the same temperature 
dependence. Thus, the current relaxation in con-
sidered part of current dependence is determined 
exceptionally by thermal charge emission from 
the deep hole traps.

The magnitude and the slope of initial part 
of the photocurrent decay don’t depend on tem-
perature. This demonstrates the implementation 
of photocurrent relaxation mechanism in this re-
gion, which isn’t due to the thermal release and 

has apparently, tunneling character. Assessing the 
contribution of tunneling mechanisms in trapped 
charge relaxation was carried out by calculating 
the barriers tunneling transparency for the cor-
responding transitions. Calculations were made 
taking into account the changes of potential bar-
rier shape under illumination [7]. The lack of tem-
perature dependence of relaxation curve is due to 
the fact, that the values of barriers tunneling trans-
parency don’t depend on temperature. Account of 
tunneling processes leads to characteristics har-
monization of the short-circuit current relaxation 
curves obtained experimentally and theoretically. 

Experimentally observed phenomenon of in-
vestigated sensor signals relaxation considered 
and analyzed theoretically within the model of 
relaxation processes in the heterojunction CdS-
Cu2S.

(Fig.1). Novel results concerning CdS-Cu2S 
HJ surface morphology and impurities depth dis-
tribution were obtained. In particular, the question 
of observed variation of surface photosensitivity 
and components interdiffusion on heteroborder 
were clarified. Also the comparison of samples 
formed by two different methodics (electrody-
namical spraying and vacuum evaporation tech-
niques) was made (Fig.1, 2). 

Fig. 1. SEM scanning results for surface 
of sample, obtained by electro-hydrodynamic 
spraying methodics: CdS surface (a, b), Cu2S 
surface (c, d) under 3500х (a, c) and 60 000х (b, 
d) zooming

Fig. 2. SEM scanning results for surface of 
sample, obtained by vacuum evaporation me-
thodics: CdS surface (a, b), Cu2S surface (c, d) 
under 3500х (a, c) and 60 000х (b, d) zooming
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Obtained results enable to understand better 
the features of HJ layers forming procedure, the 
junction components surface interaction and in-
fluence of external environment on sensor sam-
ples surface characteristics.

Also, various microscopic techniques (AFM, 
SEM) were used to estimate HJ properties (grain 
size, roughness, luminescence depth distribution) 
and their relations with HJ processing parameters

The revealed differences in doping and traps 
densities, which lead to significant variations of  
electrical characteristics of junctions, can be as-
cribed to layer deposition regimes, to layer thick-
nesses and chemical combination of present com-
pounds.

Main parameters – substrate temperature and 
deposition time were varied during films forming 
process. Thickness of base layer defines its resis-
tivity and size of formed microctystalls. 

X-Ray diffraction (XRD) was performed in 
order to detect Cu–S compounds at CdS – Cu2S 
heterojunctions, fabricated by the vacuum depo-
sition of CdS on a glass substrate and Cu2S layer, 
formed in substitution mode.

Also phase composition of the deposits was 
examined by an X-ray diffractometer D8 Advance 
(Bruker AXS) with Cu Ka radiation (l=1.54183 
Å, Ua= 40 kV, Ia= 40 mA) separated by a curved 
multilayer monochromator mounted on the pri-
mary beam. 

Fig. 3. XRD pattern of CdS-CuxS HJ sample 
(tdep = 8 min, Tsb = 220º C)

Symmetrical Q/2Q geometry and grazing inci-
dence (GIXRD) techniques were used and in the 
latter case the incidence angle (Q angle) was 0.5°. 
The XRD patterns were measured in 2Q range 
from 20 to 70° in a step scan mode: a step size 
(D2Q) 0.04°, counting duration 5 s.

The diffraction angles some of main peaks cor-
responded to those of hexagonal CdS, and their 
relative peak intensities were also similar to those 
of the CdS (Fig. 3).

In XRD investigations of considered samples 
stoichiometry changing in copper sulphide layer 
was observed. Figure 3 show the diffraction an-
gles and relative intensities of the XRD peaks of 
the CdS-CuxS films measured experimentally in 
this study. Each arrow shows the peak that corre-
spond to possible written compounds (diffraction 
angles taken from JCPDS cards).

Cu1.96S, Cu1.92S, Cu1.81S and other modifica-
tions together with Cu2S were detected (Table. 
1). So in this case copper atoms diffuse from  the  
CuxS  layer  to base CdS layer during the fabrica-
tion process and later with time. These impurities 
can create acceptor centres, which  compensate 
or even overcompensate for  the  initially existent 
donors in CdS [8]. 

Table. 1. 
Number of XRD peaks for different compounds 
in CdS-CuxS HJ

 CuxS compound
Number of 
peaks

monoclinic Cu2S (chalcocite) 5

tetragonal Cu1.96S 2

monoclinic Cu31S16 (djurleite) 3

hexagonal Cu1.92S 3

tetragonal  Cu1.81S 3

hexagonal Cu9S5 (digenite) 0

monoclinic Cu7S4 (roxbyite) 10

orthorombic Cu7S4 (anilite) 1

hexagonal CuS (covellite). 0

Also Cu diffusion between grain borders of 
CdS microcrystalls can cause shunting effect. 
Changing of Cu diffusion conditions (and as a 
result variations in electrical characterisitics) is 
directly connected with deposition time tdep and 
substrate temperature Tsb. This initial thermal 
treatment defines first level of diffusion intensi-
ty and depth. It’s seen, that more CuxS phases in 
samples are observed (Fig. 3). For these samples 
tdep and Tsb were maximised. 

Diffusion process may continue and later, at 
room temperature. That is confirmed by observed 
degradation of samples photoelectric properties 
with the time.   
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Abstract
The mechanisms of signal relaxation, associated with the removal processes of nonequilibrium 

charge from the space charge region of the image sensor on the basis of non-ideal heterojunction 
were investigated. The mechanism of the observed two-stage process was determined. Microscopic 
techniques (AFM, SEM) were used to estimate HJ properties (grain size, roughness) and their rela-
tions with HJ processing parameters. Novel results concerning CdS-Cu2S HJ surface morphology and 
impurities depth distribution were obtained. In particular, the question of observed variation of surface 
photosensitivity and components interdiffusion on heteroborder were clarified. Also the comparison 
of samples formed by two different methodics (electrodynamical spraying and vacuum evaporation 
techniques) was made. X-Ray diffraction (XRD) was performed in order to detect Cu–S compounds 
at CdS – Cu2S heterojunctions, fabricated by the vacuum deposition of CdS on a glass substrate and 
Cu2S layer, formed in substitution mode. The distribution of several stoichiometric phases of  copper 
(I) sulfide was obtained as main result.
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МИКРОСТРУКТУРНЫЕ ОСОБЕННОСТИ И КОМПОНЕНТНЫЙ АНАЛИЗ 
ТОНКОПЛЁНОЧНЫХ ФОТОЧУВСТВИТЕЛЬНЫХ ЭЛЕМЕНТОВ CdS-Cu2S

Резюме
В работе были исследованы механизмы релаксации сигнала, связанные с процессами удале-

ния неравновесного заряда из области пространственного заряда сенсора изображения на осно-
ве неидеального гетероперехода и их связь со структурными особенностями и компонентным 
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составом образцов. Были использована комбинация микроскопических методик (АСМ, РЭМ) 
для оценки морфологических свойств поверхности (размер зерна, шероховатость) и их отно-
шений с технологическими параметрами при получении гетероструктур. Были получены но-
вые результаты, касающиеся морфологии поверхности и глубины распределения примесей. В 
частности, были уточнены вопросы о наблюдаемом изменении фоточувствительности поверх-
ности и взаимной диффузии компонентов на гетерогранице. Кроме того, проведено сравнение 
образцов, полученных двумя различными методиками (электродинамическое распыление рас-
твора методы вакуумного испарения). Также применялся рентгеноструктурный анализ с целью 
выявления различных фаз Cu-S в гетеропереходах, изготовленных вакуумным напылением на 
стеклянной подложке. В качестве основного результата получено распределение стехиометри-
ческих фаз сульфида меди (I) в исследуемых сенсорных структурах.

Ключевые слова: гетеропереход, сенсор изображения, релаксация сигнала, морфология по-
верхности, рентгеноструктурный анализ
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МІКРОСТРУКТУРНІ ОСОБЛИВОСТІ ТА КОМПОНЕНТНИЙ АНАЛІЗ 
ТОНКОПЛІВКОВИХ ФОТОЧУТЛИВИХ ЕЛЕМЕНТІВ CdS-Cu2S

Резюме
У роботі були досліджені механізми релаксації сигналу, пов’язані з процесами видалення не-

рівноважного заряду з області просторового заряду сенсора зображення на основі неідеального 
гетероперехода та їх зв’язок із структурними особливостями і компонентним складом зразків . 
Була використана комбінація мікроскопічних методик (АСМ , РЕМ ) для оцінки морфологічних 
особливостей поверхні (розмір зерна , шорсткість) та їх зв’язку з технологічними параметра-
ми при формуванні гетероструктур. Були отримані нові результати, що стосуються морфоло-
гії поверхні і глибини розподілу домішок . Зокрема , були уточнені питання про спостережу-
вану зміну фоточутливості поверхні і взаємну дифузію компонентів на гетерограниці. Крім 
того, проведено порівняння зразків, отриманих двома різними методиками (електродинамічне 
розпилювання розчину та метод вакуумного випаровування). Також застосовувався рентгено-
структурний аналіз з метою виявлення різних фаз сполуки Cu-S у гетеропереходах, виготов-
лених вакуумним напиленням на скляній підкладці. В якості основного результату отримано 
розподіл стехіометричних фаз сульфіду міді ( I) в досліджуваних сенсорних структурах.

Ключові слова: гетеропереход, сенсор зображення, релаксація сигналу, морфологія поверх-
ні, рентгеноструктурний аналіз
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NON-LINEAR ANALYSIS OF CHAOTIC SELF-OSCILLATIONS IN BACKWARD-WAVE 
TUBE

The analysis techniques including multi-fractal approach, methods of correlation 
integral, false nearest neighbour, Lyapunov exponent’s, surrogate data, is applied analysis 
of numerical parameters of chaotic self-oscillations in the backward-wave tube. There are 
presented the numerical data on the Lyapunov exponents’ for two self-oscillations regimes 
in the backward-wave tube: i). the weak chaos (normalized length: L=4.24); ii) developed 
chaos (L=6.1).

As it is well known in the modern electron-
ics, photoelectronics etc there are many physical 
systems (the backward-wave tubes, multielement 
semiconductors and gas lasers, different radio-
technical devices etc), which can manifest the ele-
ments of chaos and hyperchaos in their dynamics 
(c.f.[1-4]). The key aspect of studying the dynam-
ics of these systems is analysis of the dynamical 
characteristics. Chaos theory establishes that ap-
parently complex irregular behaviour could be the 
outcome of a simple deterministic system with a 
few dominant nonlinear interdependent variables. 
The past decade has witnessed a large number 
of studies employing the ideas gained from the 
science of chaos to characterize, model, and pre-
dict the dynamics of various systems phenomena 
(c.f.[1-20]). The outcomes of such studies are 
very encouraging, as they not only revealed that 
the dynamics of the apparently irregular phenom-
ena could be understood from a chaotic determin-
istic point of view but also reported very good 
predictions using such an approach for different 
systems. 

The backward-wave tube is an electronic de-
vice for generating electromagnetic vibrations of 
the superhigh frequencies range. In ref.[2] there 
have been presented the temporal dependences 

of the output signal amplitude, phase portraits, 
statistical quantifiers for a weak chaos arising via 
period-doubling cascade of self-modulation and 
for developed chaos at large values of the dimen-
sionless length parameter. The authors of [2] have 
solved the equations of nonstationary nonlinear 
theory for the O type backward-wave tubes with-
out account of the spatial charge, relativistic ef-
fects, energy losses etc. It has been shown that 
the finite-dimension strange attractor is respon-
sible for chaotic regimes in the backward-wave 
tube.  In our work in order to study the chaotic 
self-oscillations regimes in the backward-wave 
tube we have used earlier developed and adapted 
techniques of the non-linear analysis, such as the 
multi-fractal formalism,  methods of correlation 
integral, false nearest neighbour, Lyapunov expo-
nent’s, surrogate data (code “Geomath”). As the 
key ideas of our technique for nonlinear analysis 
of chaotic systems have been in details presented 
in refs. [3,4,17-21], here we are limited only by 
brief representation.. Since processes resulting in 
the chaotic behaviour are fundamentally multi-
variate, it is necessary to reconstruct phase space 
using as well as possible information contained in 
the dynamical parameter s(n), where n the num-
ber of the measurements. Such a reconstruction 
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results in a certain set of d-dimensional vectors 
y(n) replacing the scalar measurements. Packard 
et al. [7] introduced the method of using time-
delay coordinates to reconstruct the phase space 
of an observed dynamical system. The direct use 
of the lagged variables s(n + t), where t is some 
integer to be determined, results in a coordinate 
system in which the structure of orbits in phase 
space can be captured. Then using a collection of 
time lags to create a vector in d dimensions,

y(n) = [s(n), s(n + t), s(n + 2t), …,   s(n + (d-1)t)],     (1)

the required coordinates are provided. 
In a nonlinear system, the s(n + jt) are some 

unknown nonlinear combination of the actual 
physical variables that comprise the source of the 
measurements. The dimension d is called the em-
bedding dimension, dE. According to Mañé [13] 
and Takens [12],  any time lag will be acceptable 
is not terribly useful for extracting physics from 
data. If t is chosen too small, then the coordinates 
s(n + jt) and s(n + (j + 1)t) are so close to each 
other in numerical value that they cannot be 
distinguished from each other. Similarly, if 
t is too large, then s(n + jt) and s(n + (j + 1)t) 
are completely independent of each other in a 
statistical sense. Also, if t is too small or too large, 
then the correlation dimension of attractor can be 
under- or overestimated respectively [8,18]. The 
autocorrelation function and average mutual in-
formation can be applied here. The first approach 
is to compute the linear autocorrelation function:
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and to look for that time lag where CL(d) first pass-
es through zero (see [18]). This gives a good hint 
of choice for t at that s(n + jt) and s(n + (j + 1)t) 
are linearly independent. a time series under con-
sideration have an n-dimensional Gaussian distri-
bution, these statistics are theoretically equivalent 
as it is shown by Paluš (see [15]). The general 
redundancies detect all dependences in the time 

series, while the linear redundancies are sensitive 
only to linear structures. Further, a possible non-
linear nature of process resulting in the vibrations 
amplitude level variations can be concluded.

The goal of the embedding dimension deter-
mination is to reconstruct a Euclidean space Rd 
large enough so that the set of points dA can be 
unfolded without ambiguity. In accordance with 
the embedding theorem, the embedding dimen-
sion, dE, must be greater, or at least equal, than a 
dimension of attractor, dA, i.e. dE > dA. 

In other words, we can choose a fortiori large 
dimension dE, e.g. 10 or 15, since the previous 
analysis provides us prospects that the dynamics 
of our system is probably chaotic. However, two 
problems arise with working in dimensions larger 
than really required by the data and time-delay 
embedding [5,6,18]. 

First, many of computations for extracting in-
teresting properties from the data require searches 
and other operations in Rd whose computational 
cost rises exponentially with d. Second, but more 
significant from the physical point of view, in 
the presence of noise or other high dimensional 
contamination of the observations, the extra di-
mensions are not populated by dynamics, already 
captured by a smaller dimension, but entirely by 
the contaminating signal. 

In the large an embedding space there is no 
necessity spending time working around aspects 
of a bad representation of the observations which 
are solely filled with noise. It is therefore neces-
sary to determine the dimension dA.

There are several standard approaches to re-
construct the attractor dimension (see, e.g., [3-
6,15]). The correlation integral analysis is one 
of the widely used techniques to investigate the 
signatures of chaos in a time series. The analysis 
uses the correlation integral, C(r), to distinguish 
between chaotic and stochastic systems. 

To compute the correlation integral, the algo-
rithm of Grassberger and Procaccia [10] is the 
most commonly used approach. If the time series 
is characterized by an attractor, then the integral 
C(r) is related to the radius r given by 
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where d is correlation exponent that can be 
determined as the slop of line in the coordinates 
log C(r) versus log r by a least-squares fit of a 
straight line over a certain range of r, called the 
scaling region. If the correlation exponent attains 
saturation with an increase in the embedding di-
mension, the system is generally considered to 
exhibit chaotic dynamics. The saturation value of 
correlation exponent is defined as the correlation 
dimension (d2) of attractor. 

Lyapunov exponents are the dynamical 
invariants of the nonlinear system. In a general case, 
the orbits of chaotic attractors are unpredictable, 
but there is the limited predictability of chaotic 
physical system, which is defined by the global and 
local Lyapunov exponents. A negative exponent 
indicates a local average rate of contraction while 
a positive value indicates a local average rate of 
expansion. In the chaos theory, the spectrum of 
Lyapunov exponents is considered a measure of 
the effect of perturbing the initial conditions of a 
dynamical system. Since the Lyapunov exponents 
are defined as asymptotic average rates, they 
are independent of the initial conditions, and 
therefore they do comprise an invariant measure 
of attractor. In fact, if one manages to derive the 
whole spectrum of Lyapunov exponents, other 
invariants of the system, i.e. Kolmogorov entropy 
and attractor’s dimension can be found. The 
Kolmogorov entropy, K, measures the average 
rate at which information about the state is lost 
with time. An estimate of this measure is the sum 
of the positive Lyapunov exponents. The inverse 
of the Kolmogorov entropy is equal to the average 
predictability.  There are several approaches to 
computing the Lyapunov exponents (see, e.g., 
[5,6,18]). One of them [18] is in computing the 
whole spectrum and based on the Jacobin matrix 
of the system function [14]. 

In table 1 we present the data on the Lyapu-
nov exponents’ for two self-oscillations regimes 
in the backward-wave tube: i). the weak chaos 
(normalized length: L=4.24); ii) developed chaos 
(L=6.1). The correlations dimensions are respec-
tively as 2.9 and 6.2.  Our analysis is in very good 
agreement with the similar data [2] and confirms 
a conclusion about realization of the chaotic fea-
tures in dynamics of the backward-wave tube.

Table 1. numerical parameters of the chaotic 
self-oscillations in the backward-wave tube: l1-
l6 are the Lyapunov exponents in descending 
order, K is the Kolmogorov entropy 
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where d is correlation exponent that can be 
determined as the slop of line in the 
coordinates log C(r) versus log r by a least-
squares fit of a straight line over a certain 
range of r, called the scaling region. If the 
correlation exponent attains saturation with 
an increase in the embedding dimension, the 
system is generally considered to exhibit 
chaotic dynamics. The saturation value of 
correlation exponent is defined as the 
correlation dimension (d2) of attractor.  

Lyapunov exponents are the 
dynamical invariants of the nonlinear system. 
In a general case, the orbits of chaotic 
attractors are unpredictable, but there is the 
limited predictability of chaotic physical 
system, which is defined by the global and 
local Lyapunov exponents. A negative 
exponent indicates a local average rate of 
contraction while a positive value indicates a 
local average rate of expansion. In the chaos 
theory, the spectrum of Lyapunov exponents 
is considered a measure of the effect of 
perturbing the initial conditions of a 
dynamical system. Since the Lyapunov 
exponents are defined as asymptotic average 
rates, they are independent of the initial 
conditions, and therefore they do comprise an 
invariant measure of attractor. In fact, if one 
manages to derive the whole spectrum of 
Lyapunov exponents, other invariants of the 
system, i.e. Kolmogorov entropy and 
attractor's dimension can be found. The 
Kolmogorov entropy, K, measures the 
average rate at which information about the 
state is lost with time. An estimate of this 
measure is the sum of the positive Lyapunov 
exponents. The inverse of the Kolmogorov 
entropy is equal to the average predictability.  
There are several approaches to computing 
the Lyapunov exponents (see, e.g., [5,6,18]). 
One of them [18] is in computing the whole 
spectrum and based on the Jacobin matrix of 
the system function [14].  

In table 1 we present the data on the 
Lyapunov exponents’ for two self-

oscillations regimes in the backward-wave 
tube: i). the weak chaos (normalized length: 
L=4.24); ii) developed chaos (L=6.1). The 
correlations dimensions are respectively as 
2.9 and 6.2.  Our analysis is in very good 
agreement with the similar data [2] and 
confirms a conclusion about realization of 
the chaotic features in dynamics of the 
backward-wave tube. 

Table 1. numerical parameters of the chaotic 
self-oscillations in the backward-wave tube: 
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Abstract
The analysis techniques including multi-fractal approach, methods of correlation integral, false 

nearest neighbour, Lyapunov exponent’s, surrogate data, is applied analysis of numerical parameters 
of chaotic self-oscillations in the backward-wave tube. There are presented the numerical data on the 
Lyapunov exponents’ for two self-oscillations regimes in the backward-wave tube: i). the weak chaos 
(normalized length: L=4.24); ii) developed chaos (L=6.1).
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НЕЛИНЕЙНЫЙ АНАЛИЗ ХАОТИЧЕСКИХ АВТОКОЛЕБАТЕЛЬНЫХ РЕЖИМОВ В 
ЛАМПЕ ОБРАТНОЙ ВОЛНЫ 

Резюме
Техника анализа, включающая мультифрактальный подход, методы корреляционных инте-

гралов, ложных ближайших соседей, экспонент Ляпунова, суррогатных данных, использована 
для изучения числовых параметров хаотических автоколебательных режимов лампы обратной 
волны. Представлены данные о численных показателях Ляпунова для двух автоколебательных 
режимов лампы обратной волны: i).слабого хаоса (нормированная длина: L = 4.24); ii) развито-
го хаоса (L = 6.1).
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НЕЛІНІЙНИЙ АНАЛІЗ ХАОТИЧНИХ АВТОКОЛИВАЛЬНИХ РЕЖИМІВ У ЛАМПІ 
ЗВЕРНЕНОЇ ХВИЛІ  

Резюме. 
Техніка нелінійного аналізу, яка включає мультіфрактальний підхід, методи кореляційних 

інтегралів, хибних найближчих сусідів, експонент Ляпунова, сурогатних даних, використана 
для аналізу чисельних параметрів хаотичних автоколивальних режимів лампи зверненої хвилі. 
Наведені дані по чисельних показниках Ляпунова для двох автоколивальних режимів лампи 
зворотної хвилі: і). слабкого хаосу (нормована довжина: L = 4.24); іі) розвиненого хаосу (L = 
6.1).
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CALCULATING THE RADIATIVE VACUUM POLARIZATION CONTRIBUTION 
TO THE ENERGY SHIFT OF 2P-2S TRANSITION IN PIONIC DEUTERIUM

Calculating the radiative contribution due to the vacuum polarization effect to energy 
value for the 3p-1s transition in pionic deuterium has been carried out using the modified 
generalized Uehling-Serber potential which includes effectively the higher order vacuum 
polarization corrections. Comparison with analogous theoretical data by Indelicato is 
performed.

Due to the significant progress in the modern 
experimental technologies now a great interest at-
tracts studying spectra of heavy and super heavy 
elements atoms, exotic atomic systems, includ-
ing hadronic and leptonic atoms [1-15]. Especial 
problem is connected with précised calculating the 
radiative corrections to the transition energies of 
the low-Z exotic (pionic, kaonic, muonic) atoms, 
namely, hydrogen and deuterium. Naturally, it is 
provided by necessity of further developing the 
modern as atomic and as nuclear theories. From 
the other side, detailed information about spectra 
of the exotic atomic systems (kaonic, pionic, mu-
onic atoms) can be very useful under construction 
of the new X-ray standards. One could remind a 
great importance of the muonic chemistry, muon-
ic spectroscopy. Very attractive perspective of the 
thermonuclear fission through the mechanism of 
the muonic catalysis is still interesting and widely 
studied. 

The standard Dirac approach is traditionally 
used as starting basis in calculations of the heavy 
ions [2]. The problem of accounting the radiative 
corrections, in particular, self-energy part of the 
Lamb shift and vacuum polarization contribu-
tion is mostly treated with using the expansions 
on the natural physical parameters 1/Z, aZ (a is 
fine structure constant) [5,10]. It permits evalua-
tions of the relative contributions of different ex-
pansion energy terms: non-relativistic, relativistic 
ones, as functions of Z. For high Z (Z is a nuclear 
charge) it should be necessary to account for the 
high-order QED corrections and the nuclear finite 

size correction etc [1-3,10-12,16]. Further im-
provement of this method in a case of the heavy 
ions is linked with using gauge invariant proce-
dures of generating relativistic orbital basises and 
more correct treating nuclear and QED effects [1-
3]. In a case of the low-Z exotic atomic systems 
such as an exotic  hydrogen (deuterium) a great 
interest attracts estimation of the radiative, in par-
ticular, vacuum polarization, correction. In refs. 
[17-19] it has been proposed a precise scheme to 
calculating spectra of heavy systems with account 
of nuclear and radiative effects, based on the rela-
tivistic many-body  perturbation theory  (see also 
[3]) and advanced effective procedures for ac-
counting the radiative corrections.  

In this paper we present the results of calcu-
lating the contribution due to the vacuum polari-
zation effect to energy shift for 3p-1s transition 
in pionic deuterium. The obtained result is com-
pared with calculation data by Indelicato [19].  
The calculation of the radiative vacuum polariza-
tion shift in the pionic deuterium should be per-
formed using the  Dirac approximation as a zeroth 
one. Further, the expectation value of the radia-
tive vacuum polarization operator gives the cor-
responding correction. The total electromagnetic 
interaction potential:  

                          V(r)=Vn(r)+U(r).                  (1)

includes the electrical Vn and polarization U(r) 
potentials of a nucleus with accounting the finite 
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size correction. As usually, the Coulomb potential 
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The corresponding expectation value of this 
operator gives the corresponding vacuum polari-
zation correction. In the scheme [12] this poten-
tial is approximated by quite precise analytical 
function (see details in refs. [3,16,17]). 
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        The using this formula permits one to de-
crease the calculation errors for this term down to 
~0.1%. Error of usual calculation scheme is~10%. 
We carried out the calculation of the vacuum po-
larization contribution to the energy shift  for 
3p-1s transition in pionic deuterium. It should be 
noted that the energy levels of exotic (pionic) mu-
onic atoms are very sensitive to effects of  QED, 
nuclear structure and recoil since the pion is heav-

ier than the electron. As usually the fundamental 
constants from the CODATA 1998 are used in the 
numerical calculations. The most QED effect for 
pionic atoms is the virtual production and anni-
hilation of a single e+e- pair (the Uehling-Serber 
contribution). 

We have evaluated the modified Uehling-
Serber potential expectation values and obtained 
the value for the vacuum-polarization correction: 
3.73940 eV. It is interesting to compare this re-
sult with the result by Indelicato, namely, the to-
tal vacuum polarization contribution: 3.74844 eV. 
Further, using data by Indelicato [24] for the main 
Coulomb contribution (3074.1597 eV), the self-
energy and finite size correction (-0.0022 eV), 
the  relativistic recoil correction is -0.00029 eV 
(recoil 1 correction: 0.00293 eV) we can evaluate 
the pure electromagnetic 3p-1s transition energy 
in the pionic deuterium EQED=3077.8995 eV. The 
corresponding value, presented by Indelicato is 
3077.90858 eV. The physically reasonable agree-
ment between the theories can be easily explained 
by the fact that pionic deuterium is the low-Z 
atomic system and in this case the expansion on 
the parameter aZ works sufficiently well.  From 
the other side, the approach used by us is not per-
turbative one and can be applied to the non low-Z 
atomic systems. 
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CALCULATING THE RADIATIVE VACUUM POLARIZATION CONTRIBUTION 
TO THE ENERGY SHIFT OF 3P-1S TRANSITION IN PIONIC DEUTERIUM

Abstract
Calculating the radiative contribution due to the vacuum polarization effect to energy value for 

the 3p-1s transition in pionic deuterium has been carried out using the modified generalized Uehling-
Serber potential which includes effectively the higher order vacuum polarization corrections. Com-
parison with analogous theoretical data by Indelicato is performed.
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ВАКУУМА В СДВИГ ЭНЕРГИИ 3P-1S ПЕРЕХОДА В ПИОННОМ ДЕЙТЕРИИ

Резюме
Проведен расчет радиационного вклада за счет эффекта поляризации вакуума в величину 

энергии  3p-1s перехода в пионом дейтерии с использованием модифицированного потенциала 
Юлинга-Сербера, эффективно учитывающего вакуум - поляризационные поправки высших по-
рядков. Проведено сравнение с аналогичными данными  теории Indelicato.
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Резюме
Виконано розрахунок радіаційного внеску за рахунок ефекту поляризації вакууму у величи-

ну   енергії  3p-1s переходу у піонному дейтерії з використанням модифікованого потенціалу 
Юлінга-Сербера який ефективно враховує вакуум - поляризаційні поправки вищих порядків. 
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TOPOLOGICAL FEATURES OF TIN DIOXIDE FILMS OBTAINED FROM THE 
BIS(ACETYLACETONATO)DICHLOROTIN COMPLEXES

The paper presents the surface morphology studies of tin dioxide nanoscale films 
produced from Bis(acetylacetonato)dichlorotin complexes of different concentrations. 
The films are agglomerates of several nanoscale grains. The film’s grain size dependence 
on the number of Bis(acetylacetonato)dichlorotin in the initial solution is established. 
Dependencies for each type of precursors differ from each other..

Introduction

Thin films of oxide materials with nanoscale 
grain are widely used as sensors and as transpar-
ent electrodes in solar cells and optoelectronic 
devices. As catalysts for oxidation processes they 
are used in modern gas analytical industry, be-
sides they are used in device engineering and in 
electronics [1 – 3]. Liquid phase chemical meth-
ods such as a sol-gel method, chemical vapor de-
position from a solution, etc. [4, 5] are success-
fully applied along with the known methods for 
physical delivery of tin dioxide nanoscale thin 
film. As far as the decomposition of thermally un-
stable compounds of tin is the basic process of 
these methods, the  important step is the selection 
of a suitable precursor.

The preparation method of thin tin dioxide 
films with nano-sized grains was proposed in our 
previous works [6, 7]. Aiming to structure the 
films we used a polymer in the sol-gel process, 
Bis(acetylacetonato)dichlorotin studied by the 
authors in [8, 9], which served as the precursor of 
tin dioxide. Such compounds have been used as 
precursors, for example, in the preparation of thin 
films of zirconium dioxide [10]. Complexes of 
In3+, Sn4+ and Sn4+, Sb3+ with acetylacetone were 
used in [11] as a precursor of oxide films. The siz-
es of surface irregularities due to morphological 
studies results are 42 – 125 nm for SnO2:Sb films 
and 205 – 520 nm for In2O3:Sn films. According 
to X-ray diffractometry data these inhomogene-

ities consist of crystallites with an average size of 
25 ± 5 nm for SnO2:Sb films, and 10 ± 5 nm for 
In2O3:Sn films, correspondingly. Properties and 
structure of studied films are predefined by fea-
tures of film-forming solutions.

The surface morphology studies of nanoscale 
tin dioxide films produced of Bis(acetylacetonato)
dichlorotin complexes of different concentrations 
is presented in this paper.

Films’ preparation technique and research 
methods

The film preparation procedure is given in [4]. 
Bis (acetylacetonato)dichlorotin (BADCT) was 
used as a tin dioxide precursor [6]. Three com-
plexes of precursor were used in this work. Two 
of them are based on stannic(IV) chloride (SnCl4) 
[7]: the air-dried one is Complex BADCT (IV) 
N1, and vacuum-dried is Complex BADCT (IV) 
N2. Besides those we used complex № 3 (BADCT 
(II)) obtained from stannous chloride dehydrate 
(SnCl2·2H2O) [8], which was air-dried.

The sample preparation procedure consisted of 
several stages: preparation of the polymer solu-
tion in acetone, obtaining the precursor solution 
in acetone, the combination of solutions, film 
coating, pre-drying at a temperature ~ 60oC, an-
nealing of layers at a temperature 500 – 600oC.

Films were prepared from several solutions 
with different concentrations of precursors: the 
complex № 1 – 1, 5, 10% of precursor in the coat-
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ing solution, the complex № 2 – 0.5, 1, 2, 4, and 
5% of precursor in the coating solution, the com-
plex № 3 – 1, 5, 10% of precursor in the coating 
solution.

The surface morphology of tin dioxide layers 
was investigated by the industrial Atomic Force 
Microscope (AFM) Nano Scope 111 a (Digital 
instruments, USA). The measurements were ful-
filled by siliceous probe with a nominal radius 
~10 nm (NT-MDT, Russia) in semi-contact mode 
(Tapping Mode – TM). The investigated surface 
area was from 500х500 nm up to 50х50 mkm. 
AFM NT-206 (Belarus) with Micromasch can-
televers (Germany) was used for Contact Mode 
measurements.

Experimental results and discussion

Fig.1 presents three dimensional AFM image 
of tin dioxide films derived of film-forming so-
lutions with different concentrations of complex 
№ 1 precursor (air-dried BADCT(IV)), and the 
corresponding profiles of the film surface.

  

            а)                            b)                     c)

Fig.1. 3-D AFM image of tin dioxide film surface: 
a) 1%, b) 5% and c) 10% of the complex № 1 
in the coating solution (500x500 nm) and the 
corresponding surface profiles of the samples

As it follows from the film surface profiles, the 
increasing of the precursor amount in the original 
film-forming solution correlates with increases 
of the film’s surface roughness. As the precur-
sor concentration decreases (up to1%) the film 
shows a developed surface, with large agglom-
erates ~ 200 nm and with the grain diameter of 

~ 20 nm. At 5% of BADCT the surface roughness 
increases, although the films become more homo-
geneous. It is seen the reduction in the agglom-
erate size up to 100 nm, and the grain apparent 
size is in the range of 15 – 20 nm. At the highest 
concentration of precursor (10%) in this series of 
films the decrease in grain size and an increase 
in surface roughness are observed. Thus, the ag-
glomerates in the film are virtually absent.

The topology of the first series of films is well 
explained by the peculiarities of the used precur-
sor - hydrated air-dried BADCT(IV) (9). The 
water in its composition loosens film during an-
nealing and prevents the formation of large ag-
glomerates. Smaller step of roughness is a con-
sequence of loosening in the films in this series. 
Loosening also leads to decrease the roughness 
step and increase the unevenness height in films 
with increasing concentration of the precursor.

Fig.2 shows a 3-D AFM image of tin dioxide 
films derived from film-forming solutions with 
different precursor’s concentrations of complex 
№ 2 (dried in vacuum BADCT (IV)).

The precursor concentration Studied area 45x45 
µm 5x5 µm

Fig.2 3-D AFM image of tin dioxide films for 
different concentrations of the precursor № 2 in 
the coating solution.
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Fig.2 3-D AFM image of tin dioxide films for different 
concentrations of the precursor № 2 in the coating 
solution. 

 
As it is evident from Fig.2, there is a correlation 

between the precursor concentration in the original 
film-forming solution and the surface roughness of 
tin dioxide films. At low concentrations of 
precursor (0.5% and 1%) films have a developed 
surface and consist of agglomerates of grains with 
a columnar structure. The agglomerate size varies 
between 100 – 400 nm. The precursor’s 
concentration increasing gives the film crystallites 
growth in size, appearance of the cluster structure 
of the film and the agglomerate size reaches the 
values ~ 1 mkm. 

This series of films has an additional feature. 
The histogram of the film approximated by 
Gaussian function (solution of 4%, complex № 2 
in [12]) shows that the film consists of two groups 
of clusters occupying approximately equal space. 
The first group contains clusters ranging from 
several nanometers to 200 nanometers size, and the 
second one covers the cluster sizes more than 
200 nm. The presence of two groups of clusters has 
been confirmed in [12] by the polarization 
modulation of electromagnetic radiation method 
(SPR-research). Existence of two groups of 
clusters, established in [12], is observed in the 
AFM images of films (see Fig.2). 

As it can be seen, the films made of 
vacuum-dried precursor differ both in grain and 
agglomerate sizes, and also in the surface 
development. In the case of a precursor complex 
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Fig.1. 3-D AFM image of tin dioxide film surface: 
a) 1%, b) 5% and c) 10% of the complex № 1 in 
the coating solution (500x500 nm) and the 
corresponding surface profiles of the samples 

 
As it follows from the film surface profiles, the 

increasing of the precursor amount in the original 
film-forming solution correlates with increases of 
the film’s surface roughness. As the precursor 
concentration decreases (up to1%) the film shows 
a developed surface, with large agglomerates 
~ 200 nm and with the grain diameter of ~ 20 nm. 
At 5% of BADCT the surface roughness increases, 
although the films become more homogeneous. It 
is seen the reduction in the agglomerate size up to 
100 nm, and the grain apparent size is in the range 
of 15 – 20 nm. At the highest concentration of 
precursor (10%) in this series of films the decrease 
in grain size and an increase in surface roughness 
are observed. Thus, the agglomerates in the film 
are virtually absent. 

The topology of the first series of films is well 
explained by the peculiarities of the used precursor 
- hydrated air-dried BADCT(IV) (9). The water in 
its composition loosens film during annealing and 
prevents the formation of large agglomerates. 
Smaller step of roughness is a consequence of 
loosening in the films in this series. Loosening also 
leads to decrease the roughness step and increase 
the unevenness height in films with increasing 
concentration of the precursor. 

Fig.2 shows a 3-D AFM image of tin dioxide 
films derived from film-forming solutions with 
different precursor’s concentrations of complex 
№ 2 (dried in vacuum BADCT (IV)). 
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Fig.2 3-D AFM image of tin dioxide films for different 
concentrations of the precursor № 2 in the coating 
solution. 

 
As it is evident from Fig.2, there is a correlation 

between the precursor concentration in the original 
film-forming solution and the surface roughness of 
tin dioxide films. At low concentrations of 
precursor (0.5% and 1%) films have a developed 
surface and consist of agglomerates of grains with 
a columnar structure. The agglomerate size varies 
between 100 – 400 nm. The precursor’s 
concentration increasing gives the film crystallites 
growth in size, appearance of the cluster structure 
of the film and the agglomerate size reaches the 
values ~ 1 mkm. 

This series of films has an additional feature. 
The histogram of the film approximated by 
Gaussian function (solution of 4%, complex № 2 
in [12]) shows that the film consists of two groups 
of clusters occupying approximately equal space. 
The first group contains clusters ranging from 
several nanometers to 200 nanometers size, and the 
second one covers the cluster sizes more than 
200 nm. The presence of two groups of clusters has 
been confirmed in [12] by the polarization 
modulation of electromagnetic radiation method 
(SPR-research). Existence of two groups of 
clusters, established in [12], is observed in the 
AFM images of films (see Fig.2). 

As it can be seen, the films made of 
vacuum-dried precursor differ both in grain and 
agglomerate sizes, and also in the surface 
development. In the case of a precursor complex 
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As it is evident from Fig.2, there is a correla-
tion between the precursor concentration in the 
original film-forming solution and the surface 
roughness of tin dioxide films. At low concen-
trations of precursor (0.5% and 1%) films have a 
developed surface and consist of agglomerates of 
grains with a columnar structure. The agglomer-
ate size varies between 100 – 400 nm. The pre-
cursor’s concentration increasing gives the film 
crystallites growth in size, appearance of the clus-
ter structure of the film and the agglomerate size 
reaches the values ~ 1 mkm.

This series of films has an additional fea-
ture. The histogram of the film approximated by 
Gaussian function (solution of 4%, complex № 2 
in [12]) shows that the film consists of two groups 
of clusters occupying approximately equal space. 
The first group contains clusters ranging from 
several nanometers to 200 nanometers size, and 
the second one covers the cluster sizes more than 
200 nm. The presence of two groups of clusters 
has been confirmed in [12] by the polarization 
modulation of electromagnetic radiation method 
(SPR-research). Existence of two groups of clus-
ters, established in [12], is observed in the AFM 
images of films (see Fig.2).

As it can be seen, the films made of vac-
uum-dried precursor differ both in grain and ag-
glomerate sizes, and also in the surface develop-
ment. In the case of a precursor complex № 1 
surface development is increased and the agglom-
erate and grain sizes are decreased. In the case 
of the precursor complex № 2 the surface devel-
opment is reduced, and agglomerates’ and grains’ 
sizes are increased. Because the precursor is non-
hydrated, the second series films have a higher 
density and do not loosen during annealing. The 
result is grain coarsening and agglomeration with 
increasing concentration of the precursor.

Fig.3 shows films’ surface images and pro-
files for the complex № 3 (based on BADCT (IV) 
films.

The last series images in Fig.3 differ a lot from 
the previous ones. Prepared from solutions with 
the smallest amount of precursor BADCT (II) 
films have the cluster-like structure with cluster 
size of 60 – 80 nm. Presented images don’t allow 
to suppose  the structure of the cluster. At higher 
concentrations of the precursor (5%), the cluster 
size significantly decreases (20 – 50 nm), but the 

surface roughness is not substantially increased. 
At the concentration of precursor equal to 10% 
the cluster size increases up to 100 nm, wherein 
the surface roughness also increases. It can be 
seen that clusters of this film series have a petal-
ous shape, unlike clusters of another film series. 
Cluster form may be determined by the existing 
direction of crystallite growth in the film derived 
from the solution containing the precursor com-
plex № 3.

Fig.3. AFM image of the surface of the films 
obtained from solutions containing: a) 1%, b) 

5%, and c) 10% of BADCT (II).

№ 1 surface development is increased and the 
agglomerate and grain sizes are decreased. In the 
case of the precursor complex № 2 the surface 
development is reduced, and agglomerates’ and 
grains’ sizes are increased. Because the precursor 
is non-hydrated, the second series films have a 
higher density and do not loosen during annealing. 
The result is grain coarsening and agglomeration 
with increasing concentration of the precursor. 

Fig.3 shows films’ surface images and profiles 
for the complex № 3 (based on BADCT (IV) films. 

 

 
a) 

 

 
b) 

 

 
c) 

Fig.3. AFM image of the surface of the films 
obtained from solutions containing: a) 1%, b) 5%, 

and c) 10% of BADCT (II). 
 

The last series images in Fig.3 differ a lot from 
the previous ones. Prepared from solutions with the 
smallest amount of precursor BADCT (II) films 
have the cluster-like structure with cluster size of 
60 – 80 nm. Presented images don’t allow to 
suppose  the structure of the cluster. At higher 
concentrations of the precursor (5%), the cluster 
size significantly decreases (20 – 50 nm), but the 
surface roughness is not substantially increased. At 
the concentration of precursor equal to 10% the 
cluster size increases up to 100 nm, wherein the 
surface roughness also increases. It can be seen 
that clusters of this film series have a petalous 
shape, unlike clusters of another film series. 
Cluster form may be determined by the existing 
direction of crystallite growth in the film derived 
from the solution containing the precursor complex 
№ 3. 
 

Conclusion 
 

Studies of tin dioxide films established a 
correlation between their surface morphology and 
concentration of tin dioxide precursor in the 
coating solution. However, this correlation is not 
one the same for all three types of precursors. 
Consequently, not only the quantity of the 
precursor in the coating solution determines the 
structure type (and hence different physical 
properties of films), but also the precursor 
preparation process. 
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Conclusion

Studies of tin dioxide films established a cor-
relation between their surface morphology and 
concentration of tin dioxide precursor in the coat-
ing solution. However, this correlation is not one 
the same for all three types of precursors. Conse-
quently, not only the quantity of the precursor in 
the coating solution determines the structure type 
(and hence different physical properties of films), 
but also the precursor preparation process.
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TOPOLOGICAL FEATURES OF TIN DIOXIDE FILMS OBTAINED FROM THE 
BIS(ACETYLACETONATO)DICHLOROTIN COMPLEXES

Abstract
The paper presents the surface morphology studies of tin dioxide nanoscale films produced from 

Bis(acetylacetonato)dichlorotin complexes of different concentrations. The films are agglomerates 
of several nanoscale grains. The film’s grain size dependence on the number of Bis(acetylacetonato)
dichlorotin in the initial solution is established. Dependencies for each type of precursors differ from 
each other.
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ТОПОЛОГИЧЕСКИЕ ОСОБЕННОСТИ ПЛЕНОК ДИОКСИДА ОЛОВА, ПОЛУЧЕН-
НЫХ ИЗ КОМПЛЕКСОВ ДИХЛОРДИАЦЕТИЛАЦЕТОНАТА

Аннотация
В работе представлены результаты исследований морфологии поверхности наноразмерных 

пленок двуокиси олова, полученных из комплексов дихлордиацетилацетоната олова различной 
концентрации. Пленки состоят из агломератов нескольких зерен наноразмера. Установлена за-
висимость размера зерна в исследуемых пленках от количества дихлордиацетилацетоната в 
исходном растворе для их получения. Зависимости для каждого из типов прекурсоров отлича-
ются друг от друга.  

Ключевые слова: диоксид олова, дихлордиацетилацетонат олова, тонкие пленки, морфоло-
гия поверхности.
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ТОПОЛОГІЧНІ ОСОБЛИВОСТІ ПЛІВОК ДІОКСИДУ ОЛОВА, ОТРИМАНИХ З 
КОМПЛЕКСІВ ДІХЛОРДІАЦЕТІЛАЦЕТОНАТА

Анотація 
У роботі представлені результати досліджень морфології поверхні нанорозмірних плівок 

двоокису олова, отриманих з комплексів діхлордіацетілацетоната олова різної концентрації. 
Плівки складаються з агломератів декількох зерен нанорозміру. Встановлено залежність роз-
міру зерна в досліджуваних плівках від кількості діхлордіацетілацетоната у вихідному розчині 
для їх отримання. Залежності для кожного з типів прекурсорів відрізняються одна від одної.

Ключові слова: діоксид олова, діхлордіацетілацетонат олова, тонкі плівки, морфологія по-
верхні .
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ELECTRON STRUCTURE AND RELAXATION PROCESSES IN RESAZURIN 
IN A HIGHLY EXCITED STATE

It has been performed the theoretical studying the electron structure and relaxation 
processes in resazurin with using the quantum-chemical calculation methods (MNDO/d 
and AM1). It is shown that that the quantum transition So → S (σσ *) is characterized 
by rather intense absorption band in contrast to the quantum transitions in S (πσ *)  or S 
(σπ *) state, which corresponds to the oscillator strength close to 0. Dissociation of the 
C-O bond in the highly excited molecule of the resazurin occurs with high efficiency 
(no potential barrier in the triplet state). Calculations show that the absorption band that 
corresponds So → S (σσ *) quantum transition is in the range from 292 to 317 nm, which 
is consistent with experimental data on the photochemical activity.

The behavior of molecules in the highly 
excited states is relevant fundamental problem of 
modern physics, chemistry  and engineering [1-
12]. By this time, the relaxation process of ex-
citation of molecules has been given very little 
attention. It was believed that the laws are strictly 
photochemistry and, in particular, the fourth law, 
which states that the vast majority of photochemi-
cal processes occurring in solutions of organic 
molecules involved only excited in S1 or T1 state 
of the molecule [1]. It was long thought that it 
should be so, since relaxation processes are most-
ly fast and non-equilibrium and equilibrium all 
possible processes can take place only with the 
S1 or T1 states of the molecule. And not despite 
the fact that the fading of dyes on fabrics under 
the influence of solar radiation known. 

Later there appeared numerous experimen-
tal data showing that the excitation relaxation 
processes do not prevent leakage of important 
science and practice processes in the highly ex-
cited states such as generation of carriers, pho-
tochemical and radiation-chemical processes. 
For example, studying a photoconductivity of the 
polyacene linear crystals (anthracene, tetracene, 

pentatsen) [2] showed that its high quantum ef-
ficiency is observed only under  irradiation of the 
highly excited molecules when there is possible a 
birth of holes and free electrons. During the pro-
cess of relaxation from the highly excited state 
a molecule can stay at an intermediate state cor-
responding to electron transfer between the mol-
ecule and the crystal. Let us remind that the pro-
cesses of charge separation in the non-equilibrium 
relaxation of highly excited state are theoretically 
considered already in the works by Onsager [3].

Another group of the known processes ac-
companying a relaxation of molecule from the 
highly excited state is a fluorescence of the S2 → 
S0 type in a solutions of the azulene molecules 
and polymethine dyes [8]. The specificity of the 
energy structure of these molecules is that they 
are characterized by high power distance between 
states S2 and S1, which makes non-competitive 
channel of the non-radiative relaxation. There is 
the third group of processes that appeared in the 
study of spectral sensitivity of the photo-dissoci-
ation processes in the azides dyes [ 224 ]. In this 
case, it appears that during exposure of the azides 
solution by a monochromatic light with a wave-



118

length region of the absorption band, the photo-
dissociation quantum yield did not exceed 0.01 , 
while irradiating with light of λ < λkr ( λkr = 350 nm 
- the critical value of the wavelength of radiation ) 
the quantum yield increases significantly (almost 
to unity at low temperatures).  Similarly, the study 
of photochemical processes in the methylene blue 
[4,5] showed that the dye has not the photochemi-
cal activity in the long-wave absorption band (λ = 
667 nm) at low excitation intensity, but it has the 
photochemical activity at high intensities (two-
quantum  processes) of the visible light range, or 
at arbitrary intensities in the ultraviolet region of 
the spectrum (λ ≤ 330 nm). It lead to that the pho-
tochemical conversion of molecules is realized 
in the highly excited state. This work is devoted 
to theoretical studying the electron structure and 
relaxation processes in resazurin with using the 
quantum-chemical  calculation methods: methods 
MNDO/d and AM1.

In order to carry out the theoretical study of 
the energy structure of the resazurin we have ap-
plied the quantum calculation methods (methods 
MNDO / d and AM1 [6,7]). In quantum-chemi-
cal calculation there are included 42 fully filled 
π- and σ-MO and all un-filled π*- and σ*-MO. 
In order to optimize the structure, there are firstly 
used the methods of molecular mechanics and 
then the methods MNDO/d or AM1 with configu-
ration interaction (counted 12 occupied and 12 
unoccupied MO). Such a calculation procedure 
allowed to find the geometric structure of the 
anion resazurin with minimal energy. Anion re-
sazurin has the plain structure, symmetry C2v. As 
photo-dissociation processes occur in the highly 
excited state it should be understood why the ex-
citation of the higher states does not relaxes into 
the S1-state by non-equilibrium way.  If the total 
time of relaxation of the excitation from Sn (n> 1) 
into S1-state is equal to 5 ps (usually this value 
for different molecules is in the range 10-11 ÷ 10-13 
s), and the energy difference En-E1=25,000 cm-
1, then the uniform filling the gap by vibrational 
states with ħw=100 cm-1 (vibration period T = 3 
∙ 10-13 s) is m = 250 and average time of excited 
vibrational state will be near Δt = 2 ∙ 10-14 s, i.e. 
in 15 times less than the period of oscillation. Us-
ing the uncertainty relation ship it is easily to find 

that  ΔE=270cm-1, i.e. the instantaneous state is 
spreading in the scale of energies. Obviously, the 
relaxation process can not be an equilibrium one 
for  such proportions of ΔE and energy of a single 
oscillation.

Excitation will not feel the discrete energy 
structure and quickly relaxes to the the lower ex-
cited state. It is remained the only requirement 
that the conversion of the Sn-excitation rund at 
once into the vibrational state S(1,m). Low-ener-
gy vibrations are usually delocalized throughout 
the molecule. In this case, the wave functions of 
the same vibrational state of different molecules 
overlap significantly. Therefore, fluctuations be-
tween the neighboring molecules will experience 
a strong bond that will lead to a small relaxation 
time. If the interval En - E1 is filled by the vibra-
tional states with  ħw=1000 cm-1 (T = 3 ∙ 10-14 
s), then there are only 25 states with an averaged 
time of the molecule in the single state Δt = 2∙10-

13s and the uncertainty of energy will be ΔE=27 
cm-1. This process will not be non-equilibrium, 
since the system in each state is able to make 
about 7 complete oscillations before transmit-
ting  the energy because of the collision with a 
neighboring molecule. So now one will deal with 
a quasi-equilibrium relaxation process.

The relatively long residence time in the vi-
brational state is due to the fact that high-frequen-
cy vibrations are localized on individual bonds 
in the molecule, resulting vibrational wave func-
tions of different molecules weakly overlap and 
the probability of energy transfer fluctuations is 
reduced.

We suppose that the n-th excited electronic 
state of the molecule can not relax directly to the 
S1-state. This follows from the fact that such large 
difference in energy between S1 and S2-states of 
internal conversion is less likely, because there is 
always S2 → S0-fluorescence [8]. On the other 
hand, relaxation (internal conversion) Sn→S1 
can occur only through iso-energetic transition 
from Sn(0) to S1(m) state (m - number of vibra-
tional states). The conversion probability p can be 
found if it is known the perturbation operator that 
causes the conversion:                              

            
2

1∫ ψψ= dVpp SSn

 .dV
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Fig.2. The unoccupied MO of the anion 

resazurin 
 
 
The corresponding energy diagram for NO- 
bond is shown in Fig. 3,4 and for the CO- 
bond – in Fig.5. Fig.3 shows the dissociation 
of NO- bond in cation of resazurin and Fig .4 
– a case of the neutral molecule.  

                                                    

                                                    

                                                    

                                                    

                                                    

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

-118

-117

-116

-115

-114

-113

-112

-111

Резазурин-Н+s

S()

T()

T()

S()
T()

S()

T()

S()

T()

S
0

o

E
, 
еВ

R
NO

, A

 
Fig. 3. Energy diagram of the cation 

resazurin (calculated by the method AM1) 
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Fig.4. Energy diagram of neutral form of the 
resazurin (calculated by the method AM1). 
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Fig. 5 Energy diagram for the resazurin anion 
for a case of  dissociation of the C-O-bond in 

the molecule (calculated by the method 
AM1). 

 
From these figures it follows that there is 
very significant potential barrier for 
dissociation of molecules with σσ * - status : 
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be inhibited due to the presence of a small 
barrier. Only the quantum transition into the 
T (σσ*) state leads to dissociation of NO- 
bond without barrier to form oxygen atom in 
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Fig.1. Two fully occupied delocalized σ-MO of 
the anion resazurin

Among unoccupied MO is a π *-MO (№ 43) and 
one σ *-MO (№ 47), which contain contributions 
due antibonding NO. Note that in the dissociation 
of σ *-MO completely localized on the NO-bond. 
Our calculation has showed that the quantum 
transition from σ- MO number 33 or the π- IU π 
*- MO number 43 and σ *- MO number 47 can 
not cause dissociation of NO- bond, since the cor-
responding potential surface has large potential 
barrier. The only quantum transition, which may 
cause dissociation of the molecule is a transition 
from σ- MO number 36 on the σ *- MO number 
47.
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Fig.2. The unoccupied MO of the anion resazurin

The corresponding energy diagram for NO- bond 
is shown in Fig. 3,4 and for the CO- bond – in 
Fig.5. Fig.3 shows the dissociation of NO- bond 
in cation of resazurin and Fig .4 – a case of the 
neutral molecule. 
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From these figures it follows that there is very 
significant potential barrier for dissociation of 
molecules with σσ * - status : the cation (for the 
triplet state 0.54 eV for singlet - 0.73 eV ) and 
a neutral molecule (respectively , 0, 69 and 0.93 
eV). It is implied that during the excitation into S 
(σσ *) state, the dissociation of the molecule can 
be inhibited due to the presence of a small barrier. 
Only the quantum transition into the T (σσ*) state 
leads to dissociation of NO- bond without barrier 
to form oxygen atom in the triplet state and mol-
ecule of resazurin. 
Specified threshold could influence the disso-
ciation with decreasing temperature in the con-
densed state. In the normal conditions (say, the 
room temperature) during relaxation of excitation 
there are two effects  that can negate the presence 
of this barrier. On the one hand, the process of 
dissociation can occur from the non-thermalized 
state S (σσ *) or T (σσ *)  where the barrier is not 
essential , and the second - the geometry of the 
molecule in the process of relaxation of excitation 
may be far from optimal structure . The latter, as 
shown by calculations leads to the fact that the 
size threshold may vary over a wide range (eg ± 1 
eV). Therefore, there is always a finite probability 
that the dissociation of S (σσ *) or T (σσ *) state 
will in any structure of the resazurin. 

One could draw attention to the fact that the 
quantum transition So → S (σσ *) is character-
ized by rather intense absorption band in contrast 
to the quantum transitions in S (πσ *)  or S (σπ *) 
state, which corresponds to the oscillator strength 
close to 0 ( look Table 1).
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Table 1. Quantum transitions in the sym-
metrized anion of the resazurin (AM1)

№
Quantum 
transition

Calculation + 
corection oscillator 

strength
λ,nm ν, 

cm-1

1 42  → 43 
(π→π*) 635 15737 0.7358

2 36 → 43 
(σNO→π*) 453 22072 0.0000

3 42 → 47
 (π→ σNO*) 445 22463 0,0000

4 38 → 43 
(π→π*) 444 22498 0,0000

5
42 → 47 
36 → 43 
(σNO→π*)

436 22957 0,0000

6
42 → 44 
42 → 45
(π→π*)

421 23770 0.0682

7
42 → 46, 
41 → 44
(π→π*)

398 25102 0.0101

8 41 → 43,  
(π→π*) 379 26393 0.1049

9
41 → 47 
40 → 47
(π→σNO*)

365 27388 0.0042

10
42 → 44,  
42 → 45
(π→π*)

345 29014 0.0758

11 40 → 43 
(π→π*) 321 31174 0.3329

12 36 →47
(σNO→σNO*) 317 31546 0.1709

13 42 → 48 
(π→π*) 313 31942 0.2129

14
40 → 44, 
37 →43
(π→π*)

299 33469 0.2128

15
41 → 44, 
37 →43
(π→π*)

274 36524 0.7375

Dissociation of the C-O bond in the highly ex-
cited molecule of the resazurin (look Fig.5) also 
occurs with high efficiency (in the triplet state no 
potential barrier). However, in this study the dis-
sociation of the molecule requires significantly 
more energy quanta of light. If to explore the state 
of the molecule at higher excitation energies, one 
can find states from which dissociation occur from 
other possible bonds.  Calculations show that the 
absorption band that corresponds So → S (σσ *) 
quantum transition is in the range from 292 to 317 
nm, which is consistent with experimental data on 
the photochemical activity for the resazurin.
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ELECTRON STRUCTURE AND RELAXATION PROCESSES IN RESAZURIN 
IN A HIGHLY EXCITED STATE

Abstract
It has been performed the theoretical studying the electron structure and relaxation processes in 

resazurin with using the quantum-chemical calculation methods (MNDO/d and AM1). It is shown 
that that the quantum transition So → S (σσ *) is characterized by rather intense absorption band in 
contrast to the quantum transitions in S (πσ *)  or S (σπ *) state, which corresponds to the oscillator 
strength close to 0. Dissociation of the C-O bond in the highly excited molecule of the resazurin oc-
curs with high efficiency (no potential barrier in the triplet state). Calculations show that the absorp-
tion band that corresponds So → S (σσ *) quantum transition is in the range from 292 to 317 nm, 
which is consistent with experimental data on the photochemical activity
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лосой поглощения в отличие от квантовых переходов в S (πσ *) или S (σπ *) состояния, которым 
соответствует сила осциллятора близкая к 0. Диссоциации связи СО в сильно возбужденных 
молекулах резазурина происходит с высокой эффективностью. Расчеты показывают, что полоса 
поглощения, соответствующая квантовому переходу So→S(σσ*) находится в диапазоне от 292 
до 317 нм, что согласуется с экспериментальными данными по фотохимической активности.

Ключевые слова: электронная структура, процессы релаксации, молекулы в высоко воз-
бужденном состоянии
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Резюме
Виконано теоретичне вивчення електронної структури та релаксаційних процесів у резазу-

рині з використанням квантово-хімічних методів розрахунку (MNDO/d і АМ1).  Показано, що 
квантовий перехід So → S ( σσ * ) характеризується досить інтенсивною смугою поглинання 
на відміну від квантових переходів в S ( πσ * ) або S ( σπ * ) стани , яким відповідає сила осци-
лятора близька до 0. Дисоціації зв’язку СО у сильно збуджених молекулах резазуріна відбу-
вається з високою ефективністю. Розрахунки показують, що смуга поглинання, що відповідає 
квантовому переходу So→S(σσ*) знаходиться у діапазоні від 292 до 317 нм, що узгоджується з 
експериментальними даними по фотохімічної активності .

Ключові слова: електронна структура, процеси релаксації, молекули у високо збудженому 
стані
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ATOMIC CHEMICAL COMPOSITION EFFECT ON THE BETA DECAY 
PROBABILITIES 

Within a new theoretical scheme for sensing the atomic chemical environment effect on the 
beta decay characteristics there are presented numerical results for chemical environment effect on 
the beta decay in the fluorine, sulphur and nickel. Despite on the relative smallness of the atomic 
chemical environment effect on the b

1. Introduction

Though in a modern nuclear physics there 
is a number of principally new problems, con-
nected with an unprecedented progress in the 
physical experiment, nevertheless the classical 
problems, including the beta decay or low energy 
nucleus-nucleus collision etc. are remained under 
intensive theoretical and experimental interest 
(c.f.[1-11]). This paper goes on our investigations 
on estimating the beta decay characteristics and 
sensing an influence of the chemical environment 
on the b decay parameters with using an optimal 
theoretical schemes (c.f.[11-16]). In last years a 
calculating the b decay processes and sensing an 
influence of the chemical environment on the beta 
b characteristics attracts a great interest especially 
due to the new experimental studies of the b decay 
for a number of nuclei [1-10]. A number of ex-
perimental and theoretical papers appeared where 
the different aspects of the b decay theory and ac-
counting for different factors are considered. One 
of the important topics is problem to get the data 
about the neutrino mass from the beta decay spec-
tra shape. An exact value of the half-decay period 
for the whole number of heavy radioactive nu-
clei is important for standardisation of data about 
their properties.  Disagreement between differ-
ent experimental data regarding the b-decay in 
heavy radioactive nuclei is provided by different 
chemical environment radioactive nucleus. For 

example, such disagreement in data on the half-
decay period for the 241Pu (see, for example, ref. 
[1,5,8,9]) is explained in some papers by special 
beta decay channel. The beta particle in this chan-
nel does not transit into free state, but it occupies 
the external free atomic level. According to ref. 
[1-5], differences in population of these levels 
are to be a reason of an influence of the chemical 
environment on the beta decay. So, a sensing the 
chemical environment effect on the beta decay is 
very important to be studied as within a consist-
ent, high accurate theoretical calculation scheme 
as experimental high precise measurement. Un-
der theoretical consideration of the problem, one 
has to consider the following effects: 

i.). A changing electron wave functions be-
cause of the changing atomic electric field due 
to the difference in the valence shells occupation 
numbers in different chemical substances; 

ii). A changing up limit of integration under 
calculating the Fermi integral function in differ-
ent chemical substances [1,6]. 

As a rule, the beta particle and neutrino bring 
away the difference between energies of the 
mother and daughter atoms. This difference ener-
gy is equal to sum of values, provided by atomic 
nucleus reconstruction and atomic electron shell 
reconstruction. The entire energy of electron shell 
of an atom in the different chemical compounds is 
different.  Due to the changing the nuclear charge 
Z on unite during the beta decay, this entire en-
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ergy of electron shell of an atom changes in dif-
ferent chemical compounds by different way; iii). 
Together with beta decay and ejection of the beta 
particle out atom it is possible additional chan-
nel when the beta electron occupies non-occupied 
place on the bonded external orbitals of atom. As 
a rule, special tables [9] for the Fermi function 
and integral Fermi function is used for calculat-
ing the beta spectrum shape. In ref. [9] calculation 
scheme is based on the non-relativistic Hartree-
Fock-Slater approach, but the finite size of nucle-
us is taken into account. In paper [4] the relativis-
tic Dirac-Fock (DF) method was used. Note that 
the DF approach is the most wide spread method 
of calculation, but, as a rule, the corresponding 
orbitals basis’s are not optimized. Some problems 
are connected with correct definition of the nu-
clear size effects, QED corrections etc. We are 
applying below the gauge invariant DF (GIDF) 
type approach [11-17] for estimating the atomic 
chemical environment effect on the b decay char-
acteristics for fluorine, , sulphur and nickel.

2. Method

As it is well known a distribution of the b 
particles on energy in the permitted transitions is 
as follows [9]:                                            
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Here G is the weak interaction constant; Е and 
р=(Е2-1)1/2 are an entire energy and pulse of beta 
particle; Е0=1+(Еbn /mec2) , Еbn is the boundary 
energy of β-spectrum; |M| is a matrix element, 
which is not dependent upon an energy in a case 
of the permitted β- transitions.  

As usually for calculation of the b decay 
shape and decay half period one should use the 
tables of the Fermi function and integral Fermi 
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Here f+1  and   g-1 are the relativistic electron ra-
dial functions; the indexes ±l=c, where  c=(l-j)/
(2j+1). Two schemes of calculation are usually 
used: i). the relativistic electron radial wave func-
tions are calculated on the boundary of the spheri-
cal nucleus with radius R0 (it has done in ref. [4]); 
ii). the values of these functions in the zero are 
used (see ref.[9]). 

The normalisation of electron radial func-
tions fi  and gi  provides the behaviour of these 
functions for large values of radial valuable as 
follows: 

        gi (r)→r -1[(E+1)/E]1/2 sin(pr +di),                                         
                                                              (3а)
     
   fi (r)→r -1(i/|i|) [(E-1)/E]1/2 cos (pr+di)                                   
                                                              (3b)

An effect of interaction in the final state 
between beta electron and atomic electrons with 
an accuracy to (aZ/v)2 is manifested and further 
accounted for in the first non-vanishing approxi-
mation [8].  This contribution changes the energy 
distribution of the beta electron on value: 
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Here yin – the wave function of atom initial state, z 
is a number of electrons, aB is the Bohr radius. As 
method of calculation of the relativistic atomic 
fields and electron wave functions, we have used 
the GIDF approach [10,11]. The potential of Dirac 
equation includes also the electric and polariza-
tion potentials of a nucleus (the gaussian form 
of charge distribution in the nucleus was used). 
All correlation corrections of the PT second and 
high orders (electrons screening, particle-hole in-
teraction etc.) are accounted for [5]. The GIDF 
equations for N-electron system are written and 
contain the potential: V(r)=V(r|nlj)+Vex+V(r|R), 
which includes the electrical and polarization 
potentials of the nucleus. The part exV accounts 
for exchange inter-electron interaction. Note 
that a procedure of the exchange account in the 
GIDF scheme is similar to one in the usual DF 
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approach. Regarding the GIDKS scheme, it is 
similar to usual DKS scheme. The optimization 
of the orbital basises is realized by iteration al-
gorithm within gauge invariant QED procedure 
(look its application in the beta-decay theory 
[5]).  Approach allows calculating the continuum 
wave functions, taking into account fully an ef-
fect of exchange of the continuum electron with 
electrons of the atom. Note that this is one of the 
original moments of the paper. Another original 
moment is connected with using the consistent 
QED gauge invariant procedure for optimization 
of the electron functions basis’s. Numerical cal-
culation and analysis shows that used methods 
allow getting the results, which are more precise 
in comparison with analogous data, obtained with 
using non-optimized basis’s. The details of the 
numerical procedure are presented in ref. [11-17]. 

3. Results and conclusions

     In Table 1 we present presents our data on the 
atomic chemical environment effect on the prob-
ability of β decay 17F→17O . It is easy to see that 
the quantitative effect of the chemical environ-
ment of part of the decay is sufficiently small. 

Table 1. The atomic chemical environment ef-
fect on the b decay probability 17F→17O; Chang-
ing the half-period Т1/2  (our data)

Decay of neutral atom
Atom Ebn, eV Δf/f .

%
F(0)

 
1748000
1748100

0,006

Decay of ionized atom
Ion Ebn , eV Δf/f .

%
F(-1) 1747900

1748000
0,006

The situation (compared 17F) changes in 
the transition to the consideration of the decay 
35S®35Cl, 63Ni®63Cu.  In Table 2 there are pre-
sented the corresponding results for the decay 
35S®35Cl, including the value of Δf/f =- ΔT1/2/T1/2 
. In the case of the decay of S(0)   as the value of 
the boundary energy it is taken value 167450 eV, 

and the decay of the ion S(+2)  - on 30 eV less. 
Accordingly, in the second version, the energy 
calculation is based on the value of 167390 eV 
in the case of the decay S(+2), and for the decay of 
S(0) - - 167420 30 eV. 

Analysis for two versions of data shows that 
there are obtained give similar results, and, in 
particular, very similar values for the changing 
T1/2 when the ionic parameter is changed. Regard-
ing the value of the integral Fermi function, the 
characteristic value for the decay of ionized sulfur 
is less than in the case of neutral sulfur, respec-
tively sulfur ionized decay is slower. The value 
of the Fermi function is greater for the neutral 
sulfur and, therefore, β-decay of the neutral sul-
fur is faster. As it can be seen from Table 2, the 
corresponding difference in the values of  Т1/2  is 
about 0,04%. The similar data for the decay of 
63Ni®63Cu are listed in the Table 3. 
          The difference in values of Т1/2 for 63Ni®63Cu 
is about ~0,1% (see table 3) for the twice-ionized 
atom of Ni in comparison with a decay of neutral 
nickel.

Table 2. The atomic chemical environment 
effect on the b decay probability 33P(0)→ 33S 
Changing the half-period Т1/2 (our data)

Decay of neutral atom
Atom Ebn, eV f(Еbn ,Z) Δf/f .

%
S(0)

    
167420
167450

1,36849(-
2)

1,36935(-
2)

0,037

Decay of ionized atom
Ion Ebn , eV f (Ebn ,Z) Δf/f .

%
S(2+) 167390

167420
1,36798(-

2)
1,36884(-

2)

0,037

Correspondingly, the Fermi function value for 
for two-ionized atom of Ni is less on ~0,1%.  It 
means that the decay of the neutral nickel runs 
faster in comparison with twice-ionized atom. In 
conclusion let us note that our conclusions  fully 
coincide with analysis and conclusions, presented 
in [1].  
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Despite on the relative smallness of the atomic 
chemical environment effect on 

Table 3. The atomic chemical environment ef-
fect on the b decay probability 63Ni®63Cu ; 

Changing the half-period Т1/2 (our data)

Decay of neutral atom

Atom Ebn, eV f(Еbn ,Z) Δf/f .
%

Ni(0) 65800
65825

1,38463(-3)
1,38599(-3)

0,095

Decay of ionized atom

Ion Ebn , eV f (Ebn ,Z) Δf/f .
%

Ni(+2) 65777
65800

1,38332(-3)
1,38478(-3)

0,095

the b decay probabilities for corresponding de-
cays, the situation may be significantly changed 
under consideration of the beta decay for the 
heavy elements.  
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Резюме
В рамках новой теоретической схемы вычисления эффекта влияния химического окружения 

на характеристики b распада представлены численные оценки влияния химического окруже-
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АТОМНИЙ ЕФЕКТ ВПЛИВУ ХІМІЧНОГО ОТТОЧЕННЯ НА ІМОВІРНІСТЬ БЕТА 
РОЗПАДУ 

Резюме
На основі нової теоретичної схеми обчислення ефекту впливу  хімічного отточення на ха-

рактеристики b розпаду представлені чисельні оцінки впливу хімічного отточення на b розпад 
фтору, сіри та нікелю.  Незважаючи на відносну малість атомного ефекту хімічного середовища 
на  ймовірності b розпаду, ситуація може бути значно змінитися у випадку бета-розпаду важких 
елементів

Ключові слова: вплив хімічного отточення, імовірність бета розпаду
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The particularities of contact influence on processes of current rise in crystal 
at the expense of non-equilibrium charge were investigated. The procedure to 
determine carrier active mobility for the case of considerable asymmetry in their 
velocity distribution was developed

The mobility of charge carriers is one of the 
most important values that characterized the elec-
tric properties of semiconductors. This value de-
termines such device qualities as sluggishness, 
frequency response, etc.

The value of mobility μ is defined as drift 
velocity υdr fall at the unit of external field strength 
Е: 

                    
äðv
E

µ =                                 (1)

And drift velocity is realizes as such medi-
um rate being equal for all carriers at which they 
transfer the same electric charge between contacts 
at distance l  [1, 2]: 

                 äð
lv
t

=                                  (2)

Where t is time to pass this distance for cur-
rent rise carriers. If voltage U is applied to con-
tacts we obtain:

                 

2l
U t

µ =
⋅                                 (3) 

The l  and U appeared in this equation are 
the large-scale parameters and measure experi-
mentally. Drift time t – large-scale parameter too, 
and owing to thermal motion this time is different 
for each carrier. Calculation of active number for 
value μ offers the main difficulty to define mobil-

ity and crystal conductivity σ:  

                   e nσ µ= .                       (4)

The selective approach both for carriers al-
ready located in element at the moment of field 
connection and carriers injected from contact was 
used in our work. 

During the first test we studied equilibrium 
carriers, during the second one – non-equilibrium 
carriers because their energy is not ---- and does 
not depend on energy of sample crystal lattice. 
For equilibrium carriers already located in crystal 
at the moment of field connection the symmet-
ric distribution in velocities is characteristic phe-
nomenon (Fig. 1a). The group of particles has the 
medium velocity υ0 with some quantity of slower 
and quicker participants.

Fig. 1. The distribution for N quantity of par-
ticles for different velocities υ in case of equi-
librium (a) and injected (b) charge carriers
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When field of the corresponding polarity is 
connected they begin to move to cathode. The 
quicker particles reach cathode first. As their 
quantity is small (the right part of curve 1a) col-
lector potential increases comparatively slowly. 
Then the basic group of carriers with velocity ~ υ0 
reaches cathode and potential of contact increases 
with maximum rate. The slower carriers reach 
cathode the latter (the left part of curve 1a) and 
collector potential again rises slowly. The time 
dependence of signal change is of S-shape [3, 4] 
and is shown in Fig. 2a. 

Fig. 2. Increase of collector potential from the 
moment of field connection  (t = 0) for equilib-
rium (a) and contact introduced (b) charge

One should note that the shape of curve 2a is 
not the direct reflection of 1a distribution because 
of two reasons. Firstly, if the vector of additional 
velocity for carriers at the expense of field draw 
effect is equal in value and direction, then the 
vector of thermal velocity directed chaotically in-
creases the variation in values of total velocity for 
each particle. Secondly, charge space distribution 
influences too. Independently on primary velocity 
the quick and slow charge carriers were located 
uniformly. As the result, the slower particles from 
distribution 1a at the moment of field connection 
can be located nearer to the probe and contributed 
quickly to raise of its potential φ(t). 

The shape of curve φ(t) in Fig. 2a makes pos-
sible to determine the characteristic time of drift 
t0 from inflection point at the moment when the 
basic number of charge carriers reach the probe. 

This parameter is observed as current forming 
value. The practical study of φ(t) oscillograms 
gives the active value of mobility for equilibrium 
carriers. 

The situation changes when non-equilibrium 
carriers entered crystal from the contact are ob-
served. High-ohmic samples are usually inves-
tigated. It means that concentration of intrinsic 
charge n0 is not high comparing with concen-
tration of introduced charge Δn: n0 << Δn. Non-
equilibrium charge Δn just defines in this case the 
conductivity of crystal. 

Moreover, the charge Δn should overcome en-
ergy barrier at metal-semiconductor boundary to 
enter the sample even for good ohmic contacts. 
The carriers with low velocities (and small energy 
too) cannot overcome the barrier. Especially as 
the presence of ohmic contact is the utmost situ-
ation. In practice the contacts to sample are more 
or less ohmic. This increases the height of barrier 
and decreases the portion of injected charge. 

This is the cause that polarity of applied volt-
age is selected in such a way that polarity of ex-
ternal field was opposite to barrier field. Its height 
decreases simultaneously. But there is the limita-
tion to apply the high injecting voltages. In this 
case the contribution of equilibrium carriers raises 
with arbitrary coordinate, the opposite collecting 
barrier, thermal effects influence at higher values 
of current. So, one cannot correct the emitter bar-
rier. As result, the distribution in Fig. 1 for emitter 
contacted carriers is observed as curve 1b [5, 6]. 

We note that the transition from curve 2a to 
plot 2b can be the criteria for contact quality. This 
is of the special interest as the test procedure. But 
the parameters can not be always improved to 
reach the ideal shape of curve 2a. This is impossi-
ble if one needs to study the mobility in quantity-
produced or operating device. 

Let`s study the abscissa axis. The absolute val-
ue on vertical scale either in Figure 1 or in Fig. 2 
was taken in arbitrary units comparing with the 
maximum value. 

The changes in distribution of N particle num-
ber (Fig. 1b) are represented in curve of Fig. 2. 
The slow carriers are already absent. Large quan-
tity of high-velocity carriers reach collector im-
mediately. And signal increases quickly as shown 
in Fig. 2b. 



Besides, curve 2b should be slightly shifted 
relatively to the origin of coordinates. Carriers 
located previously in crystal were distributed 
homogeneously along the volume. Part of them 
was located in the vicinity of contact to collector. 
So, curve 2a raises from the moment t = 0. On 
the contrary, all the added carriers at zero time 
locate from collector at distance equal to intra-
probe one. And they need some time to overcome 
it. The graph 2b will be observed later. But probes 
are usually located rather nearer to each other and 
velocity of injected carriers is primarily high, 
practically this shift in curve 2b is observed com-
parative with thickness of oscillogram line and 
did not presented in Fig. 2. 

The shape of dependence 2b hampers to deter-
mine value t0  because there is no characteristic 
point in curve being evidently observed. 

As criteria to look-up value t0 we propose to 
search point on curve 2b where the square of 
inscribed rectangle would be the maximal. And 
both criteria to shape current will be taken into 
consideration (see equations 3 and 4): maximum 
number of participating carriers (vertical axis) 
and optimal short time of their motion (abscise 
line). 

The task comes to geometric examination. 
And the axis of time is suitable to swing to the 
opposite way, i.e. to count off not from the mo-
ment of field connection but the opposite one – 
to the moment when equilibrium was attained. In 
this case the plot is completed between scales. We 
also note that traditionally used shape of plots 1 
and 2 is mirror. In Fig. 1 from the left to the right 
we at first show the carriers with slow velocities, 
then – with higher ones. In Fig. 2, on the con-
trary, the high-rate carriers do their contribution, 
and then the insertion of charge with slow drift 
velocities is observed. 

In Fig 3 one should search the point with maxi-
mal square of inscribed rectangle S(t0)  =  φ(t0) · 
t0.  It is obvious that this point will tend to zero at 
the edges of plot when φ → 0 or t →0 (dash-dot 
line S(t)). In operating point t0 show the highest 
value.

For this point 

         
( ) [ ( ) ] 0d S t d t t

d dt t
ϕ= ⋅ =              (5)

The shape of φ(t) dependence is not pre-
scribed. So, 

Fig. 3. The criteria to search operating point t0 for 
non-equilibrium carriers

                    
( ) ( ) 0d t t t

d t
ϕ ϕ⋅ + =           (6)

or 
               

( ) ( )d t t
d dt t
ϕ ϕ

= - .                   (7)

The sign «−»has no physical meaning. It sim-
ply describes the fact that the value of function 
along vertical scale decreases with increase of the 
value along X-axis in the chosen reading system. 

In equation (7) the left value is the slope of 
tangent line to plot φ(t) in operation point. And 
the left value is the slope of diagonal in rectangle 
OBMC, inscribed in operating point. Or∠ BCO 
= ∠ ADO. The straight lines BC and AD are par-
allel. As CM || OB and BM || OD in plotting, then 
the boxes BCMA and BCDM are parallelograms. 
So, BC = AM and BC = MD. Or AM = MD. The 
tangent line in operating point divides in two 
within the ranges of oscillogram changes.

The developed criteria to search the operating 
points for samples with non-ideal contacts are 
highly suitable to be applied in practice. For os-
cillograms obtained in real conditions and taking 
into account the particularities of carrier injection 
into crystal when the curves of shape 2b are ob-
served one should choose such value of effective 
time for carrier drift between contacts t0 when 
tangent line to plot φ(t) divides in two in the point 
t = t0. 
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We note that the present result was obtained 
without application of manifested appearance 
for function φ(t). This means that the developed 
procedure is universal for wide class of smooth 
curves described the raise of collector potential 
ignoring the specificity of diffusion and recom-
bination processes in crystal itself and depends 
only on changes of carrier dispersion in velocities 
when emitter contact was overcome.

The suggested model efficiently allows deter-
mining the transit time, and thus the carrier mo-
bility  from the  distribution maximum  (fig. 1b). 

It should be pointed out that just because of 
the velocity distribution of the particles there is 
neither average nor typical mobility. It appears 
to be different depending on the carrier groups of 
different velocity intervals in Fig. 1b. Under this 
conditions, it is possible only to speak about some 
effective mobility value, which can adequately 
reflect the conditions of current transfer.

 It is possible to get the calculation of the con-
tribution of all the fractions from the range of 
possible velocities only by taking as the time of 
passing the distance between the emitter and the 
collector where 

                          
St
t

=
D ,                             (8)

S - is the area under the curve of the function 
U(t) (fig. 2b) on the increasing curve section dur-
ing the time Δt from the process start till the satu-
ration  beginning.

Graphically, it corresponds to the point of in-
tersection on the graph with the side of an equiva-
lent rectangle. Physically, this approach means 
that the model is accepted when all carriers are 
moving at the same drift speed. And the magni-
tude of this velocity provides the conductivity ac-
tually observed in accordance with (4, 1). 
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AUGER-ELECTRON SPECTROSCOPY OF TRANSIENT METALS 

The calculated data on the Auger-transition energies for a number of metals (Fe, Co, 
Cu, Zn) are presented and compared with theoretical data by the semi-empirical method by 
Larkins as well as experimental data. As basic approach to calculating the Auger spectra of 
solids we use a new approach, basing on the S-matrix formalism by Gell-Mann and Low 
and relativistic perturbation theory formalism.

This work goes on our investigation of the 
characteristics for the Auger effect in atomic 
systems and solids [1-7]. As introduction let us 
remind [1] that the Auger electron spectroscopy 
remains an effective method to study the solids 
electron structure, chemical composition of solid 
surfaces and near-surface layers [8-12]. Sensing 
the Auger spectra in atomic systems and solids 
gives the important data for the whole number 
of scientific and technological applications. So 
called  two-step model is used most widely when 
calculating the Auger decay characteristics [8-
13]. Since the vacancy lifetime in an inner atomic 
shell is rather long (about 10-17 to 10-14s), the atom 
ionization and the Auger emission are considered 
to be two independent processes. In the more cor-
rect dynamic theory of the Auger effect [9] the 
processes are not believed to be independent from 
one another. The fact is taken into account that the 
relaxation processes due to Coulomb interaction 
between electrons and resulting in the electron 
distribution in the vacancy field have no time to 
be over prior to the transition. In fact, a consistent 
Auger decay theory has to take into account cor-
rectly a number of correlation effects, including 
the energy dependence of the vacancy mass op-
erator, the continuum pressure, spreading of the 
initial state over a set of configurations etc. 

Now it is clear that an account of the relativ-
istic and exchange-correlation effects is very im-
portant for the adequate description of the Auger 
spectra of atoms and solids.   This problem is 
partly solved in this paper. As basic approach to 
calculating the Auger spectra of solids we use a 
new approach [1-7], basing on the S-matrix for-
malism by Gell-Mann and Low and relativistic 

perturbation theory (PT) formalism [13]. Earlier 
the method has been applied to calculation of 
the Auger-electron spectra (transitions), the ioni-
zation cross-sections of inner shells in various 
atomic systems and solids [1-7]. In this paper we 
apply this method to studying the Auger –electron 
parameters fro a number for a number of the tran-
sient metals. 

As the key aspects of our approach have been 
earlier described [1-7], here we are limited by a 
brief consideration. Within the frame of the rela-
tivistic many-body theory , the Auger transition 
probability and the Auger line intensity are de-
fined by the square of an electron interaction ma-
trix element having the form: 
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where J is the 1st order Bessel function, (l)=2l+1. 
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where J is the 1st order Bessel function, 

()=2+1. The Coulomb part Qul
Q  is 

expressed in terms of the radial integrals R  

and the angular coefficients S  [13]: 
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As a result, the Auger decay probability is 
expressed in terms of ReQ(1243) matrix 
elements:  
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where f is the large component of radial part 
of single electron state Dirac function; 
function Z and angular coefficient are defined 
in refs. [2-4,13]. The other items in (3) 
include small components of the Dirac 

functions; the sign «» means that in (3) the 
large radial component fi is to be changed by 
the small gi  one and the moment  li is to be 
changed by  1 ii ll~  for Dirac number æ1> 0 
and li+1 for æi<0.  

The Breit interaction is known to 
change considerably the Auger decay 
dynamics in some cases. The Breit part of Q 
is defined in [7,13]. The Auger width is 
obtained from the adiabatic Gell-Mann and 
Low formula for the energy shift [7]. 
Namely, according to [1,7], the Auger level 
width with a vacancy nljm  can be 
represented as:  
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The partial items of the 
 k

sum answer 

to contributions of -1()-1K channels 
resulting in formation of two new vacancies 
 and one free electron k: k=+–. 
The final expression for the width in the 
representation of jj-coupling scheme of 
single-electron moments is given by the 
corresponding sum on over all possible decay 
channels.  

The basis of the electron state 
functions was determined by the solution of 
Dirac equation (integrated numerically using 
the Runge-Cutt method). The contribution of 
the lower order PT corrections to the energies 
of the auger transitions is carried out 
according to the methodology [11,12,14]. 
The calculation of radial integrals 
ReR(1243) is reduced to the solution of a 
system of  differential equations [13]:   
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where f is the large component of radial part 
of single electron state Dirac function; 
function Z and angular coefficient are defined 
in refs. [2-4,13]. The other items in (3) 
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functions; the sign «» means that in (3) the 
large radial component fi is to be changed by 
the small gi  one and the moment  li is to be 
changed by  1 ii ll~  for Dirac number æ1> 0 
and li+1 for æi<0.  

The Breit interaction is known to 
change considerably the Auger decay 
dynamics in some cases. The Breit part of Q 
is defined in [7,13]. The Auger width is 
obtained from the adiabatic Gell-Mann and 
Low formula for the energy shift [7]. 
Namely, according to [1,7], the Auger level 
width with a vacancy nljm  can be 
represented as:  
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to contributions of -1()-1K channels 
resulting in formation of two new vacancies 
 and one free electron k: k=+–. 
The final expression for the width in the 
representation of jj-coupling scheme of 
single-electron moments is given by the 
corresponding sum on over all possible decay 
channels.  

The basis of the electron state 
functions was determined by the solution of 
Dirac equation (integrated numerically using 
the Runge-Cutt method). The contribution of 
the lower order PT corrections to the energies 
of the auger transitions is carried out 
according to the methodology [11,12,14]. 
The calculation of radial integrals 
ReR(1243) is reduced to the solution of a 
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In addition,у3(∞)=ReRl(1243), у1(¥)=Xl(13). The 
formulas for the Auger decay probability include 
the radial integrals Ra(akgb), where one of the 
functions describes electron in the continuum 
state. 

The energy of an electron formed due to a 
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tween energies of atom with a hole at j level and 
double-ionized atom at kl levels in final state:
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where DEs is a correction for the binding energy 
change in the solid; Rrel, the same for out-of-atom 
relaxation; eF takes into account the work of out-
put. Other details can be found in Refs. [1-7].

In table 1 we present our calculation data on 
Auger-electron energies (column B) and also the 
semi-empirical method under Larkins’ equivalent 
core approximation (from [8,9] (column A) as 
well as experimental data [2]. 

The calculation accuracy using the Larkins’ 
method is within about 2 eV as an average. Our  
approach provides more accurate results that is 
due to a considerable extent to more correct ac-
counting for the exchange-correlation effects.
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to contributions of -1()-1K channels 
resulting in formation of two new vacancies 
 and one free electron k: k=+–. 
The final expression for the width in the 
representation of jj-coupling scheme of 
single-electron moments is given by the 
corresponding sum on over all possible decay 
channels.  

The basis of the electron state 
functions was determined by the solution of 
Dirac equation (integrated numerically using 
the Runge-Cutt method). The contribution of 
the lower order PT corrections to the energies 
of the auger transitions is carried out 
according to the methodology [11,12,14]. 
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In addition,у3()=ReR(1243), у1()=X(13). 
The formulas for the Auger decay probability 
include the radial integrals R(k), where 
one of the functions describes electron in the 
continuum state.  

The energy of an electron formed due 
to a transition  jkl  is defined by the 
difference between energies of atom with a 
hole at j level and double-ionized atom at kl 
levels in final state: 

                                           
),()(),( 12212
J

S
AAJ

S
A LklEjELjklE                                      

                                                                  (8) 
 

In order to take into account the 
dynamic correlation effects, the equation (8) 
can be rewritten as:   
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where the item  takes into account the 
dynamic correlation effects (relaxation due to 
hole screening  with electrons etc.) To take 
these effects into account, the set of 
procedures elaborated in the atomic  theory 
[2,3] is used. For solid phase, the more 
precise form of equation (9) is as follows:  
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where Es is a correction for the binding 
energy change in the solid; Rrel, the same for 
out-of-atom relaxation; e takes into account 

the work of output. Other details can be 
found in Refs. [1-7]. 

In table 1 we present our calculation 
data on Auger-electron energies (column B) 
and also the semi-empirical method under 
Larkins’ equivalent core approximation 
(from [8,9] (column A) as well as 
experimental data [2].  
 The calculation accuracy using the 
Larkins’ method is within about 2 eV as an 
average. Our  approach provides more 
accurate results that is due to a considerable 
extent to more correct accounting for the 
exchange-correlation effects. 

Table 1. Experimental and theoretical data 
for Auger electron energy: Exp-experiment;  
А, semi-empirical method - [8,9]; B- present 

paper; 
 
Solid Auger line Exp Theory

: A 
Theory
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Co L3M4,5M4,5 1G4 772.5 772.8 772.7 
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AUGER-ELECTRON SPECTROSCOPY OF TRANSIENT METALS 

Abstract 
The calculated data on the Auger-transition energies for a number of metals (Fe, Co, Cu, Zn) 

are presented and compared with theoretical data by the semi-empirical method by Larkins as well 
as experimental data. As basic approach to calculating the Auger spectra of solids we use a new 
approach, basing on the S-matrix formalism by Gell-Mann and Low and relativistic perturbation 
theory formalism. 
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ОЖЕ-ЭЛЕКТРОННАЯ СПЕКТРОСКОПИЯ ПЕРЕХОДНЫХ МЕТАЛЛОВ

Резюме
Приведены результаты расчета энергий Оже-переходов для ряда металлов (Fe, Co, Cu, Zn) и 

проведено их сравнение с теоретическими данными, полученными на основе полуэмпирического 
метода с Ларкинса , а также экспериментальными  данными. Для расчета параметров Оже-
спектров твердых тел использован новый подход, который базируется на S-матричном 
формализме Гелл-Манна и Лоу и формализме релятивистской теории возмущений. 

Ключевые слова: Оже-переходы, переходные металлы
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ОЖЕ-ЭЛЕКТРОННА СПЕКТРОСКОПІЯ ПЕРЕХІДНИХ МЕТАЛІВ

Резюме
Наведені результати розрахунку енергій Оже-переходів для ряду металів (Fe, Co, Cu, Zn) 

та проведено їх порівняння з теоретичними даними, отриманими на основі напівемпіричного 
методу  Ларкінса, а також експериментальними даними. Для розрахунку параметрів Оже-
спектрів твердих тіл використаний новий підхід, який базується на S-матричному формалізмі 
Гелл-Манна і Лоу і формалізмі релятивістської теорії збурень.

Ключові слова: Оже-переходи, перехідні метали
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SPECTROSCOPY OF THE SPECTRAL LINES BROADENING AND SHIFT FOR HEAVY 
ELEMENTS IN THE BUFFER GAS 

A new relativistic approach, based on the gauge-invariant perturbation theory (PT), is 
applied to calculating the spectral line collisional broadening and shifts for the heavy atom 
(thallium) in an atmosphere of the buffer inert gases. It is shown that the relation of the 
adiabatic broadening to collisional shift is ~ 1/55 for the system TI - He, 1/80 for the 
system TI - Kr and ~ 1/65 system TI-Xe, i.e. the known Folly spectral relationship is 
not correct in a case of the thallium hyperfine lines.

1. Introduction
High precision data for collisional shifts and 

broadening the hyperfine structure lines of heavy 
elements (alkali, alkali-earth, lanthanides, acti-
nides and others) in an atmosphere of the inert 
gases are of a great interest for modern quantum 
chemistry, atomic and molecular spectroscopy, 
astrophysics and metrology as well as for study-
ing a role of weak interactions in atomic optics 
and heavy-elements chemistry [1-15]. As a rule, 
the cited spectral lines shift and broadening due 
to a collision of the emitting atoms with the buffer 
atoms are very sensitive to a kind of the intermo-
lecular interaction. Besides, calculation of the hy-
perfine structure line shift and broadening allows 
to check a quality of the wave functions and study 
a contribution of the relativistic and correlation 
effects to the energetic and spectral characteris-
tics of the two-center (multi-center) atomic sys-
tems. From the applied point of view, the men-
tioned physical effects form a basis for creating 
an atomic quantum measure of frequency [8,9]. 
The corresponding phenomenon for the thallium 
atom has attracted a special attention because of 
the possibility to create the thallium quantum fre-
quency measure. Alexandrov et al [8] have real-
ized the optical pumping thallium atoms on the 
line of 21GHz, which corresponds to transition 

between the components of hyperfine structure 
for the Tl ground state. These authors have meas-
ured the collisional shift of this hyperfine line in 
the atmosphere of the He buffer gas. 

The detailed non-relativistic theory of colli-
sional shift and broadening the hyperfine structure 
lines for simple elements (such as light alkali ele-
ments etc.) was developed by many authors (see, 
for example, Refs. [1-14]). However, until now 
an accuracy of the corresponding available data 
has not been fully adequate to predict or identify 
transitions within accuracy as required for many 
applications.  It is obvious that correct taking into 
account the relativistic and correlation effects is 
absolutely necessary in order to obtain sufficiently 
adequate description of spectroscopy of the heavy 
atoms in an atmosphere of the buffer gases. This 
stimulated our current investigation whose goals 
were to apply a relativistic PT approach [15,16] to 
calculating the interatomic potentials and hyper-
fine structure line collision shifts for some com-
plicated (Tl, Pb)  atoms in an atmosphere of the 
inert gases. The basic expressions for the collision 
shift and broadening hyperfine structure spectral 
lines are taken from the kinetic theory of spectral 
lines [2,5,7]. The exchange perturbation theory 
(the modified version ЕL-НАV) has been used 
to calculate the corresponding potentials (see de-
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tails in [1]). Finally, new data on the oscillator 
strength of the forbidden transition in the lead are 
presented too.

2. Relativistic theory of spectral line shift 
for system “heavy atom-inert gas”

In order to calculate a collision shift of the 
hyperfine structure spectral lines one can use the 
following expression known in the kinetic theory 
of spectral lines shape (see Refs. [5,7]):               

( ) ( )( ) dRRkTRURdw
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Here U(R) is an effective potential of intera-
tomic interaction, which has the central sym-
metry in a case of the systems A—B (in our 
case, for example,  A=Rb,Cs; B=He); T is a 
temperature, w0 is a frequency of the hyper-
fine structure transition in an isolated active 
atom; dw(R)=Dw(R)/w0 is a relative local shift 
of the hyperfine structure line. The local shift is 
caused due to the disposition of the active atoms 
(say, the atoms of lead Pb and helium He) at the 
distance R. In order to calculate an effective 
potential of the interatomic interaction further 
we use the exchange PT formalism (the modi-
fied version ЕL-НАV) [1]. The relative local 
shift of the hyperfine structure line is defined as 
follows:   
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Here S0 is the overlapping integral; С6 is the 
van der Waals coefficient; I is the potential of ioni-
zation; Е1a,b is the energy of excitation to the  first 
(low-lying) level of the corresponding  atom. The 
values W1, W2 in Eq. (2) are the first order non-
exchange and exchange non-perturbation sums 
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where '
HFÍ  is the operator of hyperfine interac-

tion;  N is the total  number of electrons, which 
are taken into account in the calculation;  Ek, 

( ) ( ) ( )NF
bkakk 211 '' ϕ=Φ  are an energy and a non-

symmetrized wave function of state k ={ka,,kb} 
for the isolated atoms A and B. The non-ex-
change matrix element of the Coulomb intera-
tomic interaction is as:

Vko = < Ф´k (1)  | V (1) | Ф´0 (1) >.
Correspondingly the exchange matrix ele-

ment is as follows:
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The operator V (i)  (for example, in a case of 
the system Tl-Не), as follows:
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where USCF(r)  is the self-consistent field, created 
by the lead atomic core. 

Let us return to consideration of the van der 
Waals coefficient С6 for the interatomic A-B inter-
action. As a rule, one could use the approximate 
values for the van der Waals constant С6 . How-
ever, sufficiently large error in definition of the van 
der Waals constants could provide a low accuracy 
of calculating the interatomic potentials.  The van 
der Waals coefficient may be written as  [2,9]:                                        
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                                                                 (4)
where C6,0 (L) is the isotropic component of the in-
teraction and C6,2 (L) is the component correspond-
ing to the P2(cosq) term in the expansion of the 
interaction in Legendre polynomials, where the 
angle specifies the orientation in the space-fixed 
frame. The dispersion coefficients C6,0 (L) and C6,2 
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SPECTROSCOPY OF THE SPECTRAL LINES BROADENING AND SHIFT FOR HEAVY 
ELEMENTS IN THE BUFFER GAS  

A new relativistic approach, based on the gauge-invariant perturbation theory (PT), is applied to 
calculating the spectral line collisional broadening and shifts for the heavy atom (thallium) in an atmos-
phere of the buffer inert gases. It is shown that the relation of the adiabatic broadening to collisional 
shift is ~ 1/55 for the system TI - He, 1/80 for the system TI - Kr and ~ 1/65 system TI-Xe, i.e. the 
known Folly spectral relationship is not correct in a case of the thallium hyperfine lines.  

 
1. Introduction 

High precision data for collisional shifts 
and broadening the hyperfine structure lines of 
heavy elements (alkali, alkali-earth, lanthanides, 
actinides and others) in an atmosphere of the 
inert gases are of a great interest for modern 
quantum chemistry, atomic and molecular spec-
troscopy, astrophysics and metrology as well as 
for studying a role of weak interactions in atom-
ic optics and heavy-elements chemistry [1-15]. 
As a rule, the cited spectral lines shift and 
broadening due to a collision of the emitting at-
oms with the buffer atoms are very sensitive to a 
kind of the intermolecular interaction. Besides, 
calculation of the hyperfine structure line shift 
and broadening allows to check a quality of the 
wave functions and study a contribution of the 
relativistic and correlation effects to the energet-
ic and spectral characteristics of the two-center 
(multi-center) atomic systems. From the applied 
point of view, the mentioned physical effects 
form a basis for creating an atomic quantum 
measure of frequency [8,9]. The corresponding 
phenomenon for the thallium atom has attracted 
a special attention because of the possibility to 
create the thallium quantum frequency measure. 
Alexandrov et al [8] have realized the optical 
pumping thallium atoms on the line of 21GHz, 
which corresponds to transition between the 
components of hyperfine structure for the Tl 
ground state. These authors have measured the 
collisional shift of this hyperfine line in the at-
mosphere of the He buffer gas.  

The detailed non-relativistic theory of 
collisional shift and broadening the hyperfine 
structure lines for simple elements (such as light 
alkali elements etc.) was developed by many 

authors (see, for example, Refs. [1-14]). How-
ever, until now an accuracy of the corresponding 
available data has not been fully adequate to 
predict or identify transitions within accuracy as 
required for many applications.  It is obvious 
that correct taking into account the relativistic 
and correlation effects is absolutely necessary in 
order to obtain sufficiently adequate description 
of spectroscopy of the heavy atoms in an atmos-
phere of the buffer gases. This stimulated our 
current investigation whose goals were to apply 
a relativistic PT approach [15,16] to calculating 
the interatomic potentials and hyperfine struc-
ture line collision shifts for some complicated 
(Tl, Pb)  atoms in an atmosphere of the inert 
gases. The basic expressions for the collision 
shift and broadening hyperfine structure spectral 
lines are taken from the kinetic theory of spec-
tral lines [2,5,7]. The exchange perturbation 
theory (the modified version ЕL-НАV) has 
been used to calculate the corresponding poten-
tials (see details in [1]). Finally, new data on the 
oscillator strength of the forbidden transition in 
the lead are presented too. 

 
2. Relativistic theory of spectral line shift for 

system “heavy atom-inert gas” 
In order to calculate a collision shift 

of the hyperfine structure spectral lines one 
can use the following expression known in the 
kinetic theory of spectral lines shape (see Refs. 
[5,7]):                
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Here U(R) is an effective potential of intera-
tomic interaction, which has the central 
symmetry in a case of the systems A—B (in 
our case, for example,  A=Rb,Cs; B=He); T is 
a temperature, w0 is a frequency of the hy-
perfine structure transition in an isolated ac-
tive atom; d(R)=Dw(R)/w0 is a relative local 
shift of the hyperfine structure line. The local 
shift is caused due to the disposition of the ac-
tive atoms (say, the atoms of lead Pb and heli-
um He) at the distance R. In order to calcu-
late an effective potential of the interatomic 
interaction further we use the exchange PT 
formalism (the modified version ЕL-НАV) 
[1]. The relative local shift of the hyperfine 
structure line is defined as follows:    
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Here S0 is the overlapping integral; С6 is the 
van der Waals coefficient; I is the potential of ion-
ization; Е1a,b is the energy of excitation to the  
first (low-lying) level of the corresponding  atom. 
The values 1, 2 in Eq. (2) are the first order 
non-exchange and exchange non-perturbation 
sums correspondingly [1,5,6]. These values are 
defined as follows:   
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HFН  is the operator of hyperfine interac-
tion;  N is the total  number of electrons, 
which are taken into account in the calcula-
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and a non-symmetrized wave function of state k 
={ka,,kb} for the isolated atoms A and B. The 
non-exchange matrix element of the Coulomb 
interatomic interaction is as: 

Vko = < Фk (1)  | V (1) | Ф0 (1) >. 
Correspondingly the exchange matrix 

element is as follows: 
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The operator V (i)  (for example, in a case of 
the system Tl-Не), as follows: 
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where USCF(r)  is the self-consistent field, created 
by the lead atomic core.  

Let us return to consideration of the van 
der Waals coefficient С6 for the interatomic A-B 
interaction. As a rule, one could use the approxi-
mate values for the van der Waals constant С6 . 
However, sufficiently large error in definition of 
the van der Waals constants could provide a low 
accuracy of calculating the interatomic potentials.  
The van der Waals coefficient may be written as  
[2,9]:                                        
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where C6,0 (L) is the isotropic component of the 
interaction and C6,2 (L) is the component corre-
sponding to the P2(cos) term in the expansion of 
the interaction in Legendre polynomials, where 
the angle specifies the orientation in the space-
fixed frame. The dispersion coefficients C6,0 (L) 
and C6,2 (L) may be expressed in terms of the sca-
lar and tensor polarizabilities );(0 iwL  and 

 ) (2 L; iw evaluated at imaginary frequencies 
[9]. In particular, one may write in the helium 
case as follows: 
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where  E is the energy of the electronically ex-
cited state |LM > and the z axis lies along the 
internuclear axis. As a rule, (see, for example, 
Refs. [2,6-10]), the non-relativistic Hartree-Fock 
or the non-relativistic Kohn-Sham (KS) density 
functional or relativistic Dirac-Fock methods 
were used for calculating the corresponding 
wave functions. Another variant is using the rel-
ativistic wave functions as the solutions of the 
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Here U(R) is an effective potential of intera-
tomic interaction, which has the central 
symmetry in a case of the systems A—B (in 
our case, for example,  A=Rb,Cs; B=He); T is 
a temperature, w0 is a frequency of the hy-
perfine structure transition in an isolated ac-
tive atom; d(R)=Dw(R)/w0 is a relative local 
shift of the hyperfine structure line. The local 
shift is caused due to the disposition of the ac-
tive atoms (say, the atoms of lead Pb and heli-
um He) at the distance R. In order to calcu-
late an effective potential of the interatomic 
interaction further we use the exchange PT 
formalism (the modified version ЕL-НАV) 
[1]. The relative local shift of the hyperfine 
structure line is defined as follows:    
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Here S0 is the overlapping integral; С6 is the 
van der Waals coefficient; I is the potential of ion-
ization; Е1a,b is the energy of excitation to the  
first (low-lying) level of the corresponding  atom. 
The values 1, 2 in Eq. (2) are the first order 
non-exchange and exchange non-perturbation 
sums correspondingly [1,5,6]. These values are 
defined as follows:   
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and a non-symmetrized wave function of state k 
={ka,,kb} for the isolated atoms A and B. The 
non-exchange matrix element of the Coulomb 
interatomic interaction is as: 

Vko = < Фk (1)  | V (1) | Ф0 (1) >. 
Correspondingly the exchange matrix 
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The operator V (i)  (for example, in a case of 
the system Tl-Не), as follows: 
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where USCF(r)  is the self-consistent field, created 
by the lead atomic core.  

Let us return to consideration of the van 
der Waals coefficient С6 for the interatomic A-B 
interaction. As a rule, one could use the approxi-
mate values for the van der Waals constant С6 . 
However, sufficiently large error in definition of 
the van der Waals constants could provide a low 
accuracy of calculating the interatomic potentials.  
The van der Waals coefficient may be written as  
[2,9]:                                        
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where C6,0 (L) is the isotropic component of the 
interaction and C6,2 (L) is the component corre-
sponding to the P2(cos) term in the expansion of 
the interaction in Legendre polynomials, where 
the angle specifies the orientation in the space-
fixed frame. The dispersion coefficients C6,0 (L) 
and C6,2 (L) may be expressed in terms of the sca-
lar and tensor polarizabilities );(0 iwL  and 

 ) (2 L; iw evaluated at imaginary frequencies 
[9]. In particular, one may write in the helium 
case as follows: 
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cited state |LM > and the z axis lies along the 
internuclear axis. As a rule, (see, for example, 
Refs. [2,6-10]), the non-relativistic Hartree-Fock 
or the non-relativistic Kohn-Sham (KS) density 
functional or relativistic Dirac-Fock methods 
were used for calculating the corresponding 
wave functions. Another variant is using the rel-
ativistic wave functions as the solutions of the 
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Here U(R) is an effective potential of intera-
tomic interaction, which has the central 
symmetry in a case of the systems A—B (in 
our case, for example,  A=Rb,Cs; B=He); T is 
a temperature, w0 is a frequency of the hy-
perfine structure transition in an isolated ac-
tive atom; d(R)=Dw(R)/w0 is a relative local 
shift of the hyperfine structure line. The local 
shift is caused due to the disposition of the ac-
tive atoms (say, the atoms of lead Pb and heli-
um He) at the distance R. In order to calcu-
late an effective potential of the interatomic 
interaction further we use the exchange PT 
formalism (the modified version ЕL-НАV) 
[1]. The relative local shift of the hyperfine 
structure line is defined as follows:    
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Here S0 is the overlapping integral; С6 is the 
van der Waals coefficient; I is the potential of ion-
ization; Е1a,b is the energy of excitation to the  
first (low-lying) level of the corresponding  atom. 
The values 1, 2 in Eq. (2) are the first order 
non-exchange and exchange non-perturbation 
sums correspondingly [1,5,6]. These values are 
defined as follows:   
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and a non-symmetrized wave function of state k 
={ka,,kb} for the isolated atoms A and B. The 
non-exchange matrix element of the Coulomb 
interatomic interaction is as: 
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the system Tl-Не), as follows: 
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where USCF(r)  is the self-consistent field, created 
by the lead atomic core.  

Let us return to consideration of the van 
der Waals coefficient С6 for the interatomic A-B 
interaction. As a rule, one could use the approxi-
mate values for the van der Waals constant С6 . 
However, sufficiently large error in definition of 
the van der Waals constants could provide a low 
accuracy of calculating the interatomic potentials.  
The van der Waals coefficient may be written as  
[2,9]:                                        
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where C6,0 (L) is the isotropic component of the 
interaction and C6,2 (L) is the component corre-
sponding to the P2(cos) term in the expansion of 
the interaction in Legendre polynomials, where 
the angle specifies the orientation in the space-
fixed frame. The dispersion coefficients C6,0 (L) 
and C6,2 (L) may be expressed in terms of the sca-
lar and tensor polarizabilities );(0 iwL  and 

 ) (2 L; iw evaluated at imaginary frequencies 
[9]. In particular, one may write in the helium 
case as follows: 
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where He is the dynamic polarizability of 
He. The polarizabilities at imaginary fre-
quencies are defined in atomic units by the 
following formula: 
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where  E is the energy of the electronically ex-
cited state |LM > and the z axis lies along the 
internuclear axis. As a rule, (see, for example, 
Refs. [2,6-10]), the non-relativistic Hartree-Fock 
or the non-relativistic Kohn-Sham (KS) density 
functional or relativistic Dirac-Fock methods 
were used for calculating the corresponding 
wave functions. Another variant is using the rel-
ativistic wave functions as the solutions of the 
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Here U(R) is an effective potential of intera-
tomic interaction, which has the central 
symmetry in a case of the systems A—B (in 
our case, for example,  A=Rb,Cs; B=He); T is 
a temperature, w0 is a frequency of the hy-
perfine structure transition in an isolated ac-
tive atom; d(R)=Dw(R)/w0 is a relative local 
shift of the hyperfine structure line. The local 
shift is caused due to the disposition of the ac-
tive atoms (say, the atoms of lead Pb and heli-
um He) at the distance R. In order to calcu-
late an effective potential of the interatomic 
interaction further we use the exchange PT 
formalism (the modified version ЕL-НАV) 
[1]. The relative local shift of the hyperfine 
structure line is defined as follows:    
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Here S0 is the overlapping integral; С6 is the 
van der Waals coefficient; I is the potential of ion-
ization; Е1a,b is the energy of excitation to the  
first (low-lying) level of the corresponding  atom. 
The values 1, 2 in Eq. (2) are the first order 
non-exchange and exchange non-perturbation 
sums correspondingly [1,5,6]. These values are 
defined as follows:   
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where  E is the energy of the electronically ex-
cited state |LM > and the z axis lies along the 
internuclear axis. As a rule, (see, for example, 
Refs. [2,6-10]), the non-relativistic Hartree-Fock 
or the non-relativistic Kohn-Sham (KS) density 
functional or relativistic Dirac-Fock methods 
were used for calculating the corresponding 
wave functions. Another variant is using the rel-
ativistic wave functions as the solutions of the 
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Here U(R) is an effective potential of intera-
tomic interaction, which has the central 
symmetry in a case of the systems A—B (in 
our case, for example,  A=Rb,Cs; B=He); T is 
a temperature, w0 is a frequency of the hy-
perfine structure transition in an isolated ac-
tive atom; d(R)=Dw(R)/w0 is a relative local 
shift of the hyperfine structure line. The local 
shift is caused due to the disposition of the ac-
tive atoms (say, the atoms of lead Pb and heli-
um He) at the distance R. In order to calcu-
late an effective potential of the interatomic 
interaction further we use the exchange PT 
formalism (the modified version ЕL-НАV) 
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van der Waals coefficient; I is the potential of ion-
ization; Е1a,b is the energy of excitation to the  
first (low-lying) level of the corresponding  atom. 
The values 1, 2 in Eq. (2) are the first order 
non-exchange and exchange non-perturbation 
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accuracy of calculating the interatomic potentials.  
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where C6,0 (L) is the isotropic component of the 
interaction and C6,2 (L) is the component corre-
sponding to the P2(cos) term in the expansion of 
the interaction in Legendre polynomials, where 
the angle specifies the orientation in the space-
fixed frame. The dispersion coefficients C6,0 (L) 
and C6,2 (L) may be expressed in terms of the sca-
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He. The polarizabilities at imaginary fre-
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where  E is the energy of the electronically ex-
cited state |LM > and the z axis lies along the 
internuclear axis. As a rule, (see, for example, 
Refs. [2,6-10]), the non-relativistic Hartree-Fock 
or the non-relativistic Kohn-Sham (KS) density 
functional or relativistic Dirac-Fock methods 
were used for calculating the corresponding 
wave functions. Another variant is using the rel-
ativistic wave functions as the solutions of the 
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(L) may be expressed in terms of the scalar and 

tensor polarizabilities );(0 iwLa  and  ) (2 L; iwa
evaluated at imaginary frequencies [9]. In particu-
lar, one may write in the helium case as follows:

∫
∞

⋅=
0

00,6 )();(3)( dwiwiwLLC Heaa
π       (5)

where Hea is the dynamic polarizability of 
He. The polarizabilities at imaginary fre-
quencies are defined in atomic units by the 
following formula:
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where  Eg is the energy of the electronically ex-
cited state |LgMg > and the z axis lies along the 
internuclear axis. As a rule, (see, for example, 
Refs. [2,6-10]), the non-relativistic Hartree-Fock 
or the non-relativistic Kohn-Sham (KS) density 
functional or relativistic Dirac-Fock methods 
were used for calculating the corresponding wave 
functions. Another variant is using the relativistic 
wave functions as the solutions of the Dirac equa-
tions with the corresponding density functionals 
(Dirac-Kohn-Sham=DKS theory) and effective 
correlation potentials [14,15]. In our calculation 
we have used the relativistic PT with the opti-
mized DKS  zeroth approximation. The detailed 
approbation of method in studying spectra and 
radiative parameters the atoms is given in Refs. 
[15-18]. 

3. Results and conclusions

In Table 1 we present the results of our cal-
culating energies of levels in 205Tl: experimental 
data and the results of the calculation method 
in the framework of the relativistic Hartree-Fo-
ck (RHF), the time-dependent theory of RHF 
(TDRHF), RMBPT-DF (see [23] and references 
therein) and our theory. Our data are in quite good 
agreement with the experimental data and data by 
the RMBPT-DF. 

Table 1. Energy (cm-1) levels for 205Tl: ex-
periment and theor.data: RHF, TDRHF, 
RMBPT-DF and our theory (see text)

RHF TDR
HF

RPT
DF

Exp Our

7s
6p1/2
7p1/2
6p3/2
7p3/2
6d3/2
6d5/2

21100
43909
14282
36670
13359
12218
12167

22952
50654
15203
42704
14224
13130
13042

22818
-
-

41432
-

13175
-

22786
49264
15104
41471
14103
13146
13064

22809
49308
15154
41501
14145
13167
13083

Table  2. E1 amplitudes (in units eaB) for Tl:  
Experiment and calculation data by RHF 
(RHF), DF plus cong. interaction (DF + CI), 
TDRHF, and our data

L
V

RHF DF-
CI

TDR
HF

Our. Exp.

6p1/2-7s L
V

2.50
2.00

2.32
1.92

2.14
2.15

2.21
2.21

2.23
(6)

6p3/2-7s L
V

3.43
2.75

3.10
2.55

2.81
2.84

2.82
2.81

2.83
(6)

6p1/2-8s L
V

0.80
0.61

0.71
0.56

0.64
0.65

0.67
0.66

0.67
(3)

6p1/2-8s L
V

0.86
0.64

0.77
0.61

2.63
0.65

0.65
0.65

-

7p1/2-7s L
V

-8.14
-7.72

-7.52
-7.07

-7.20
-7.13

-7.25
-7.24

-7.27
(7)

7p3/2-7s L
V

-7.65
-7.22

-7.08
-6.86

-6.85
-6.79

-6.81
-6.80

-6.84
(7)

In table 2 there listed the theoretical and ex-
perimental data in the amplitudes E1 transitions 
in thallium, in particular it is clear that methods 
of the RHF type without accounting correlation 
effects does not provide a precise description of 
the desired amplitude accuracy.

In Table 3 we present our theoretical results for 
the collisional shift fp (Hz / Torr) in a case of the 
pairs: TI - He, TI - Kr, Tl-Xe at T = 700K  : Ex-
periment by Chorou-Scheps-Galagher (Virginia 
group); Theory: A- DF method [7], B-optimized 
KS method with approximate estimate the con-
stant  C6 [10] (see also[21,22]) and our theory. 
The important feature of our scheme is correct 
taking into account the correlation (polarization) 
effects with using special effective functionals 
from [15,19]. 

Here U(R) is an effective potential of intera-
tomic interaction, which has the central 
symmetry in a case of the systems A—B (in 
our case, for example,  A=Rb,Cs; B=He); T is 
a temperature, w0 is a frequency of the hy-
perfine structure transition in an isolated ac-
tive atom; d(R)=Dw(R)/w0 is a relative local 
shift of the hyperfine structure line. The local 
shift is caused due to the disposition of the ac-
tive atoms (say, the atoms of lead Pb and heli-
um He) at the distance R. In order to calcu-
late an effective potential of the interatomic 
interaction further we use the exchange PT 
formalism (the modified version ЕL-НАV) 
[1]. The relative local shift of the hyperfine 
structure line is defined as follows:    
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Here S0 is the overlapping integral; С6 is the 
van der Waals coefficient; I is the potential of ion-
ization; Е1a,b is the energy of excitation to the  
first (low-lying) level of the corresponding  atom. 
The values 1, 2 in Eq. (2) are the first order 
non-exchange and exchange non-perturbation 
sums correspondingly [1,5,6]. These values are 
defined as follows:   
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where '

HFН  is the operator of hyperfine interac-
tion;  N is the total  number of electrons, 
which are taken into account in the calcula-
tion;  Ek,      NF

bkakk 211 ''   are an energy 

and a non-symmetrized wave function of state k 
={ka,,kb} for the isolated atoms A and B. The 
non-exchange matrix element of the Coulomb 
interatomic interaction is as: 

Vko = < Фk (1)  | V (1) | Ф0 (1) >. 
Correspondingly the exchange matrix 

element is as follows: 
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The operator V (i)  (for example, in a case of 
the system Tl-Не), as follows: 
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where USCF(r)  is the self-consistent field, created 
by the lead atomic core.  

Let us return to consideration of the van 
der Waals coefficient С6 for the interatomic A-B 
interaction. As a rule, one could use the approxi-
mate values for the van der Waals constant С6 . 
However, sufficiently large error in definition of 
the van der Waals constants could provide a low 
accuracy of calculating the interatomic potentials.  
The van der Waals coefficient may be written as  
[2,9]:                                        
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where C6,0 (L) is the isotropic component of the 
interaction and C6,2 (L) is the component corre-
sponding to the P2(cos) term in the expansion of 
the interaction in Legendre polynomials, where 
the angle specifies the orientation in the space-
fixed frame. The dispersion coefficients C6,0 (L) 
and C6,2 (L) may be expressed in terms of the sca-
lar and tensor polarizabilities );(0 iwL  and 

 ) (2 L; iw evaluated at imaginary frequencies 
[9]. In particular, one may write in the helium 
case as follows: 
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where He is the dynamic polarizability of 
He. The polarizabilities at imaginary fre-
quencies are defined in atomic units by the 
following formula: 
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where  E is the energy of the electronically ex-
cited state |LM > and the z axis lies along the 
internuclear axis. As a rule, (see, for example, 
Refs. [2,6-10]), the non-relativistic Hartree-Fock 
or the non-relativistic Kohn-Sham (KS) density 
functional or relativistic Dirac-Fock methods 
were used for calculating the corresponding 
wave functions. Another variant is using the rel-
ativistic wave functions as the solutions of the 

         11/11 '
0

1
0

'
0

'1
0 HF0 Hρ

Here U(R) is an effective potential of intera-
tomic interaction, which has the central 
symmetry in a case of the systems A—B (in 
our case, for example,  A=Rb,Cs; B=He); T is 
a temperature, w0 is a frequency of the hy-
perfine structure transition in an isolated ac-
tive atom; d(R)=Dw(R)/w0 is a relative local 
shift of the hyperfine structure line. The local 
shift is caused due to the disposition of the ac-
tive atoms (say, the atoms of lead Pb and heli-
um He) at the distance R. In order to calcu-
late an effective potential of the interatomic 
interaction further we use the exchange PT 
formalism (the modified version ЕL-НАV) 
[1]. The relative local shift of the hyperfine 
structure line is defined as follows:    
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Here S0 is the overlapping integral; С6 is the 
van der Waals coefficient; I is the potential of ion-
ization; Е1a,b is the energy of excitation to the  
first (low-lying) level of the corresponding  atom. 
The values 1, 2 in Eq. (2) are the first order 
non-exchange and exchange non-perturbation 
sums correspondingly [1,5,6]. These values are 
defined as follows:   
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where USCF(r)  is the self-consistent field, created 
by the lead atomic core.  

Let us return to consideration of the van 
der Waals coefficient С6 for the interatomic A-B 
interaction. As a rule, one could use the approxi-
mate values for the van der Waals constant С6 . 
However, sufficiently large error in definition of 
the van der Waals constants could provide a low 
accuracy of calculating the interatomic potentials.  
The van der Waals coefficient may be written as  
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where C6,0 (L) is the isotropic component of the 
interaction and C6,2 (L) is the component corre-
sponding to the P2(cos) term in the expansion of 
the interaction in Legendre polynomials, where 
the angle specifies the orientation in the space-
fixed frame. The dispersion coefficients C6,0 (L) 
and C6,2 (L) may be expressed in terms of the sca-
lar and tensor polarizabilities );(0 iwL  and 

 ) (2 L; iw evaluated at imaginary frequencies 
[9]. In particular, one may write in the helium 
case as follows: 
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where He is the dynamic polarizability of 
He. The polarizabilities at imaginary fre-
quencies are defined in atomic units by the 
following formula: 
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where  E is the energy of the electronically ex-
cited state |LM > and the z axis lies along the 
internuclear axis. As a rule, (see, for example, 
Refs. [2,6-10]), the non-relativistic Hartree-Fock 
or the non-relativistic Kohn-Sham (KS) density 
functional or relativistic Dirac-Fock methods 
were used for calculating the corresponding 
wave functions. Another variant is using the rel-
ativistic wave functions as the solutions of the 
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Table 3. Collisional shift fp (Hz / Torr) in a 
case of the pairs: TI - He, TI - Kr, Tl-Xe at 
T = 700K  : Experiment by Chorou-Scheps-
Galagher;

Theory: A- DF method, B-optimized KS 
method with approximate estimate the con-

stant  C6 and our theory.

Pair Т1-Не Т1-Kr Т1-Xe

Exp. 130 ± 30 -490±20 -1000±80

Th:A 155.0 -850.0 -1420.0

Th:B 137.2 -504 -1052

Our: C 135.4 -501 -1036

Table 4 shows our values   (C) of the collisional 
shift of the hyperfine lines for thallium at differ-
ent temperatures (T, K) for the systems TI-He, 

Table 4. Collisional shift fr (Hz/Torr) of the 
hyperfine lines for thallium at different tem-

peratures (T, K) for the systems TI-He, Kr, Xe

Pair Т1-Не Т1-Не Т1-Не

T, K Th:A Th:B Th:C

700 155 137,2 135,4

800 151 134,1 132,9

900 147.5 131,4 129,5

1000 143 126,2 124,4

Pair Т1-Ar Т1-Kr Т1-Xe

T, K Th:C Th:C Th:C

700 -112 -501 -1036

800 -107 -418 -878

900 -102 -357 -772

1000 -94 -304 -694

Kr, Xe with alternative data from theories: A- DF 
approach [6] , B - optimized KS method [10]. The 
difference between our theoretical data and other 
calculation results can be explained by using dif-
ferent PT schemes and different approximations 
for calculating the wave functions. It is obvious 
that the using correct version of the exchange PT 
will be necessary for an adequate description of 

the energetic and spectral properties of the heavy 
atoms in an atmosphere of the  inert gases.  In Ta-
ble 5 we list our ( C) calculated values   for the re-
duced adiabatic broadening of Ga/p for the thal-
lium hyperfine line at different temperatures for 
the systems:  TI - He. TI - Kr, TI-Xe together 
with results of other theories (theory A- DF ap-
proach [6] , B - optimized KS method [10]). 

Table 5. The adiabatic broadening Ga/p for 
the thallium hyperfine line at different tem-
peratures in the  the systems:  TI - He. TI 
- Kr, TI-Xe (results of different theories: 
theory A- DF approach [6] , B - optimized KS 
method [10].

Т TI-He
A

TI-He
B

TI-He
C

TI- 
Kr
C

TI- 
Xe
C

700 2.83 2.51 2.45 6.50 15.9

800 2.86 2.54 2.48 5.58 13.8

900 2.90 2.58 2.51 4.98 11.4

103 2.89 2.56 2.48 4.28 10.0

The  important aspect of the theory is an es-
timate of the ratio of [Ga/p]/fp . According to 
our data this ratio is as follows: Ga/p / fp ~ 1/55 
for the system TI - He, Ga/p / fp ~ 1/80 for the 
system TI - Kr and (Ga/p / fp )~ 1/65 system TI-
Xe, i.e. the known Folly relationship (Ga/p ~ fp) 
is not correct in a case of the thallium hyperfine 
line. 

It is obvious that the pair “Tl-inert gas” is 
sufficiently complicated system, for example in 
comparison with such a systems as the pair of 
“alkali atom-atom of inert gas”. Obviously more 
detailed experimental studying as this atom as 
other interesting heavy atoms is very desirable. 

Nevertheless, we believe that our data may 
be considered as very useful reference espe-
cially if there will be performed the further 
measurement of the temperature dependence for 
the collisional shift and adiabatic broadening pa-
rameters in a wide interval of the thermodynami-
cal parameters.
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SPECTROSCOPY OF THE HYPERFINE LINES SHIFT FOR HEAVY ELEMENTS 
IN THE BUFFER INERT 

Abstract
A new relativistic approach, based on the gauge-invariant perturbation theory (PT), is applied to 

calculating the spectral line collisional broadening and shifts for the heavy atom (thallium) in an 
atmosphere of the buffer inert gases. It is shown that the relation of the adiabatic broadening to colli-
sional shift is ~ 1/55 for the system TI - He, 1/80 for the system TI - Kr and ~ 1/65 system TI-Xe, 
i.e. the known Folly spectral relationship is not correct in a case of the thallium hyperfine lines. 
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СПЕКТРОСКОПИЯ СДВИГОВ ЛИНИЙ СВЕРХТОНКОЙ СТРУКТУРЫ ТЯЖЕЛЫХ 
ЭЛЕМЕНТОВ В БУФЕРНОМ ГАЗЕ

Резюме
Новый релятивистский подход, основанный на калибровочно-инвариантной теории воз-

мущений, применен для расчета столкновительного сдвига и адиабатического уширения спек-
тральных линий тяжелого атома (таллий) в атмосфере буферных инертных газов. Показано, 
что отношение адиабатического уширения к столкновительному сдвигу составляет ~ 1/55 для 
системы TI-He, ~ 1/80 для системы TI-Kr и ~ 1/65 для системы TI-Хе, что подтверждает некор-
ректность известного спектрального отношения Фоли в случае линий сверхтонкой структуры 
таллия.

Ключевые слова: сдвиг, уширение спектральных линий, тяжелые элементы, буферный 
газ, релятивистская теория
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СПЕКТРОСКОПІЯ ЗСУВІВ ЛІНІЙ НАДТОНКОЇ СТРУКТУРИ ВАЖКИХ 
ЕЛЕМЕНТІВ В БУФЕРНОМУ ГАЗІ

Резюме
Новий релятивістський підхід, який базується на калібрувально-інваріантної теорії збурень, 

застосовано  для розрахунку зсуву та адіабатичного уширення за рахунок зіткнень для важкого 
атома (таллій) в атмосфері буферних інертних газів. Показано, що відношення адіабатичного 
уширення для зсуву за рахунок зіткнень cкладає ~ 1/55 для системи TI -He, 1/80 для системи 
TI-Kr  та  ~ 1/65 для системи TI-Хе, що підтверджує некоректність відомого спектрального від-
ношення Фолі у випадку надтонких ліній таллія. 

Ключові слова: зсув, уширення спектральних ліній,, важкі елементи, буферний газ, реляти-
вістська теорія
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HYPERFINE STRUCTURE PARAMETERS OF THE HEAVY ISOTOPES: CONSISTENT 
NUCLEAR-QED THEORY

It is presented the new, consistent theoretical nuclear-QED approach to estimating 
parameters of the hyperfine structure of the heavy isotopes, which is based on the relativistic 
mean field theory  of a nucleus and QED perturbation theory. The  hyperfine structure 
parameters for the heavy isotopes of 205Tl and 169Tm   are calculated. The theoretical values 
of the relative contribution into the hyperfine structure due to the effect of the distribution 
of the magnetic moment of the nucleus are listed too. 

1. Introduction

A development of a new effective nuclear 
schemes and technologies for sensing differ-
ent nuclear properties, studying the properties 
of heavy isotopes is of a great importance in the 
modern atomic, nuclear physics and technologies 
[1-3]. Among the most important problems one 
could mention the studying of nuclei, which are 
available in the little quantities (for example, the 
lanthanides isotopes,  radioactive nuclei far of the 
stability boundary), search of the super dense nu-
clei and its sensing, laser governing by parameters 
of the proton and other beams and sensing their 
characteristics etc [1-17]. Such possibilities are 
provided by the modern laser methods and tech-
nologies (see, for example, [1,2]).  A high sensi-
bility and resolution ability of laser spectroscopy 
methods allows investigating the characteristics 
of nuclei available in the little quantities, heavy 
isotopes. As an example (see ref. [1-6]) one can 
mention the CERN technical device for studying 
the short-lived nuclei which are obtained on the 
mass-separator in the line with synchrocyclotrone 
on 600 MeV (ISOLDE apparatus [1]). The shock-
ing results have been obtained in studying of the 
odd neutron-deficit non-stable isotopes of 182-

190Hg. The intensity of the ion beams of these iso-
topes with life time 1-60 min was 107-109 ions/s. 

Under excitation of fluorescence by dye pulsed 
laser radiation the second harmonics of radiation 
was tuning to region of 2537A and the measure-
ment of the hyperfine structure for this line of Hg 
was carried out during 1-2 min disposing about 
108 of the mercury isotope atoms. During transi-
tion from nucleus 186Hg to nucleus 185Hg it has 
been discovered the sharp changing of the middle 
square of the nuclear radius which is interpreted 
as sharp changing of the nuclear form (increasing 
of non-soherity and electric quadrupole moment) 
during decreasing the neutrons number. In refs. 
[17-25] (see also [4,5]) we have developed new 
effective theoretical scheme with possibility of 
advancing corresponding nuclear technology for 
sensing different spectral parameters, including 
the hyperfine structure ones, for heavy isotopes 
and elements available in the little quantities. It is 
based on the experimental receiving the isotope 
beams on the CERN ISOLDE type apparatus (see 
detailed description in refs. [1,3,4]) and the pré-
cised theoretical and laser spectroscopy empiri-
cal estimating the hyperfine structure parameters, 
magnetic and electric moments of a nucleus of 
isotopes. We have carried out sensing and estimat-
ing the hyperfine structure parameters, magnetic 
and electric moments of a nucleus for 235U, 201Hg 
and rare cosmic isotopes. Theory of the hyperfine 
structure calculation is based on developed ear-
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lier gauge-invariant QED PT formalism with an 
precise account of the exchange-correlation (in-
ter electron interaction corrections), nuclear and 
QED effects and nuclear relativistic mean field 
(RMF) theory. In this paper we consider its appli-
cation to studying hyperfine structure parameters 
for some heavy isotopes, in particular, the corre-
sponding data for the 205Tl and 169Tm   isotopes 
are listed.   

Let us also remind that the accurate measure-
ments  of the hyperfine structure parameters for 
a whole number of heavy isotopes (e.g. [1,6,16]) 
not only provide the possibility for testing the 
quantum electrodynamics (QED) in strong fields, 
but also sensing the hyperfine structure parame-
ters of spectra for heavy atomic systems,  electric 
charge and magnetic moment distributions inside 
the nucleus [5-10]. Theoretical calculations ful-
filled during the last several years apart from the 
basis Fermi-Breit relativistic contributions also 
include the magnetic dipole moment distribution 
inside the nucleus (Bohr-Weisskopf effect) and 
radiative QED corrections (e.g. [1-6]). In calcu-
lations of the heavy ions the well known multi-
configuration (MC) Dirac-Fock (DF) approach is 
widely used (e.g.[14-20]). 

2. Theoretical approach to calculating hy-
perfine structure parameters

Let us describe the key moments of the theo-
retical scheme. Full details of the whole method 
of calculating the hyperfine structure constants 
can be found in [4,5,17-24].  The wave electron 
functions zeroth basis is found from the Dirac 
equation solution with potential, which includes 
the core ab initio potential, electric, polarization 
potentials of nucleus. All correlation corrections 
of the second and high orders of PT (electrons 
screening, particle-hole interaction etc.) are ac-
counted for [17]. The concrete nuclear model 
is used as described below. A quantitative esti-
mate of the nuclear moments demands realistic 
proton single-particle wave functions which one 
could obtain by employing the RMF model of a 
nucleus. Though we have no guaranty that these 
wave-functions yield a close approximation to 
nature, the success of the RMF approach supports 

our choice (e.g.[26]). These wave functions do 
not suffer from known deficiencies of other ap-
proaches, e.g., the wrong asymptotics of wave 
functions obtained in a harmonic oscillator po-
tential. The RMF model has historically been de-
signed as a renormalizable meson-field theory for 
nuclear matter and finite nuclei. The realization 
of nonlinear self-interactions of the scalar meson 
led to a quantitative description of nuclear ground 
states. As a self-consistent mean-field model (for 
a comprehensive review see Ref. [25]), its ansatz 
is a Lagrangian or Hamiltonian that incorporates 
the effective, in-medium nucleon-nucleon inter-
action. Recently self-consistent models have un-
dergone a reinterpretation which explains their 
quantitative success in view of the facts that nu-
cleons are composite objects and that the mesons 
employed in RMF have only a loose correspond-
ence to the physical meson spectrum [25-28]. 
RMF models are effective field theories for nu-
clei below an energy scale of 1GeV, separating 
the long- and intermediate-range nuclear physics 
from short-distance physics, involving, i.e., short-
range correlations, nucleon form factors, vacuum 
polarization etc, which is absorbed into the vari-
ous terms and coupling constants. As it is indicat-
ed in refs.[27] the strong attractive scalar (S: -400 
MeV) and repulsive vector (V: +350 MeV) fields 
provide both the binding mechanism (S + V: -50 
MeV) and the strong spin-orbit force (S – V: -750 
MeV) of both right sign and magnitude. In our 
calculation we have used so called NL3 (c.f.[25]), 
which is among the most successful parametriza-
tions available.

The scheme of accounting for the finite size 
effect is in details described in ref. [17]. Here we 
only note that if the point-like nucleus possesses 
by some central potential W(R) then transition to 
potential of the finite nucleus is realized by sub-
stitution W(r) on 
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Further the standard Dirac-Fock -like 
equations for a multi-electron system {core-
nlj} are solved. Formally they fall into one-
electron Dirac equations for the orbitals nlj 
with potential: 
V(r)=2V(r|SCF)+V(r|nlj)+Vex+V(r|R). It 
includes the electrical and polarization 
potentials of a nucleus with a finite size. The 
part exV accounts for exchange inter-electron 
interaction. The exchange effects are 
accounted for in the first two PT orders by 
the total inter-electron interaction [17]. The 
core electron density is defined by iteration 
algorithm within QED procedure [4]. The 
radiative QED (the self-energy part of the 
Lamb shift and the vacuum polarization 
contribution) are accounted for within the 
QED formalism [4,25]. The hyperfine 
structure  constants are defined by the radial 
integrals of the known type (e.g. [29,17]): 
  

A={[(4,32587)10-4Z2gI]/(42-1)} 




0

22 ),,/1()()( RrUrGrFdrr  

B={7.2878 10-7 Z3Q/[(42-1)I(I-1)} 

 


0

2222 ),,/1()()([ RrUrGrFdrr  

Here I is a spin of nucleus, gI is the Lande 
factor, Q is a quadruple momentum of 
nucleus; radial integrals are calculated in the 
Coulomb units (=3.571020Z2m-2; =6.174 1030 

Z3m-3). Radial parts F and G of two 
components of the Dirac function for 
electron, which moves in the potential are 
defined by solution of the Dirac equations 
(PT zeroth order). The other details can be 
found in refs. [17-25]. 
 

3. Estimating the hyperfine structure 
parameters and conclusions 

 
 Earlier we have studied the hyperfine 
structure of spectra for the elements Be, C, 
Al, U, which have above cited rare, cosmic 
isotopes. Here we present the results of 
studying (the Superatom package [4,5] is 
used) the hyperfine structure parameters for 
the heavy isotopes of 205Tl and 169Tm. In 
table 1 we present the values of the hyperfine 
splitting ( F, F’) (in MHz)  for 169Tm 
(2F7/2)  (nuclear spin 1/2) with available 
theoretical (MCDF) and experimental or 
compilation data [30].  
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Table 2 lists the experimental (AExp) 

and theoretical values of the constant A (in 
GHz) for the valence states 205Tl, in 
particular, the theoretical value obtained by 
calculation within the method of single DF 
(ADF), the method including single- and 
double-  excited states (ASD), DF method, 
taking into account the configuration 
interaction (ADF + C), multiconfiguration DF 
method (AMCDF), relativistic cluster-coupled 
method, taking into account the finite size of 
the nucleus (ARCC-FS), a modified Hartree-
Fock (AgHF), the time-dependent relativistic 
Hartree-Fock theory (ATDRHF), the same 
method, but taking into account the 
correlations and the finite size of the nucleus 
(ATDRHF + C) and the nuclear-QED theory (AN-

QED) (from [14 -18]). Analysis of the data 
shows that an account of the interelectron 
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Further the standard Dirac-Fock -like equations 
for a multi-electron system {core-nlj} are solved. 
Formally they fall into one-electron Dirac equa-
tions for the orbitals nlj with potential: V(r)=2V(
r|SCF)+V(r|nlj)+Vex+V(r|R). It includes the elec-
trical and polarization potentials of a nucleus with 
a finite size. The part exV accounts for exchange 
inter-electron interaction. The exchange effects 
are accounted for in the first two PT orders by 
the total inter-electron interaction [17]. The core 
electron density is defined by iteration algorithm 
within QED procedure [4]. The radiative QED 
(the self-energy part of the Lamb shift and the 
vacuum polarization contribution) are accounted 
for within the QED formalism [4,25]. The hyper-
fine structure  constants are defined by the radial 
integrals of the known type (e.g. [29,17]):
 

A={[(4,32587)10-4Z2cgI]/(4c2-1)}

∫
∞

0

22 ),,/1()()( RrUrGrFdrr

B={7.2878 10-7 Z3Q/[(4c2-1)I(I-1)} 

∫ +
∞

0

2222 ),,/1()()([ RrUrGrFdrr

Here I is a spin of nucleus, gI is the Lande fac-
tor, Q is a quadruple momentum of nucleus; ra-
dial integrals are calculated in the Coulomb units 
(=3.57×1020Z2m-2; =6.174 1030 Z3m-3). Radial 
parts F and G of two components of the Dirac 
function for electron, which moves in the poten-
tial are defined by solution of the Dirac equations 
(PT zeroth order). The other details can be found 
in refs. [17-25].

3. Estimating the hyperfine structure pa-
rameters and conclusions

Earlier we have studied the hyperfine structure 
of spectra for the elements Be, C, Al, U, which 
have above cited rare, cosmic isotopes. Here we 
present the results of studying (the Superatom 
package [4,5] is used) the hyperfine structure pa-
rameters for the heavy isotopes of 205Tl and 169Tm. 
In table 1 we present the values of the hyperfine 
splitting Dn( F, F’) (in MHz)  for 169Tm (2F7/2)  (nu-
clear spin 1/2) with available theoretical (MCDF) 
and experimental or compilation data [30]. 

Table 1. The hyperfine splitting Dn( F, F’) (in 
MHz)  of levels for 169Tm (2F7/2)  
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169Tm 
(2F7/2)  
1/2

4 
2F7/2

(4, 3) 1496.55  1484.8 1496.12

Table 2 lists the experimental (AExp) and theo-
retical values   of the constant A (in GHz) for the 
valence states 205Tl, in particular, the theoretical 
value obtained by calculation within the method 
of single DF (ADF), the method including single- 
and double-  excited states (ASD), DF method, 
taking into account the configuration interaction 
(ADF + C), multiconfiguration DF method (AMCDF), 
relativistic cluster-coupled method, taking into 
account the finite size of the nucleus (ARCC-FS), 
a modified Hartree-Fock (AgHF), the time-depen-
dent relativistic Hartree-Fock theory (ATDRHF), the 
same method, but taking into account the correla-
tions and the finite size of the nucleus (ATDRHF + C) 
and the nuclear-QED theory (AN-QED) (from [14 
-18]). Analysis of the data shows that an account 
of the interelectron correlation effects is crucial 
in the calculation of the hyperfine structure pa-
rameters and therefore the conventional methods 
such as the method of DF (of single approxima-
tion) as well as the method with the limited ac-
counting the exchange-correlation effects do not 
give a sufficiently high accuracy. Significantly 
better data in terms of accuracy and consistency 
to the experiment results are obtained on the basis 
of the calculation in the framework of the relativ-
istic cluster-coupled method, taking into account 
the finite size of the nucleus (ARCC-FS), the time-
dependent relativistic theory with accounting 
the correlations and the finite size of the nucleus 
(ATDRHF+C) and nuclear-QED theory. Naturally, a 
precise agreement between theory and experi-
ment can be reached by means accounting for not 
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only the relativistic and exchange-correlation ef-
fects, but the radiative QED corrections, the nu-
clear effects of Bohr-Weisskopf, Breit-Rosenthal-
Crawford-Schawlow etc too. 

Table 2. Experimental (AExp) and theoretical 
values   of the constant A (in GHz) for the 
valence states of 205Tl (see text)

Method/State 6p1/2 6p3/2 7s1/2

ADF 17.68 1.304 7.78

ADF+C 20.86 0.256 12.67

ARCC+FS 21.43
21.30

0.317
0.339

12.92
12.76

ASD-DF 18.73 1.381 -

AMCDF 20.32 1.485 -

AgHF 20.89 0.895 -

ARMBPT 21.663 0.248 12.666

ATDRHF

ATDRHF+C
24.06
21.30

-1.885
0.600

13.06
12.56

AN-QED 21.3098 0.2535 12.2713

Aexp 21.3108 0.2650 12.2972

In Table 3 we list the theoretical value of the 
relative contribution (the value of D/lc,m) into the 
hyperfine structure due to the effect of the dis-
tribution of the magnetic moment of the nucleus. 
There are presented data, estimated by the dif-
ferent methods, namely, the single-configuration 
Dirac-Fock (DF) method, the relativistic cluster-
coupled method, taking into account the finite 
size of the nucleus (ARCC-FS) and  nuclear-QED 
theory (see [14-18]). The cited  parameter has a 
simple physical meaning. The shift in the hyper-
fine structure constant for two different isotopes 
(nuclear g=m/I factor) is usually estimated as:    
A1g2/A2g1-1=D.  

On the other hand, the variation of the charge 
distribution in a nucleus core, as known from the 
theory of the isotope shift, leads to the known 
correction: lc,m=kc<d<(rc)

2>,  where the kc  factor 
takes into account the higher moments of the dis-
tribution of the charge. For 205Tl there are known 
the experimental data on the parameters D and 
lc,m, derived from the values   of the magnetic mo-

ments 203m =1.622258mN  и 205m =1.638315mN  
[16]. The analysis shows that the contribution to 
the «perturbation» of the hypefine structure for 
the thallium has roughly equal to the effects of 
Bohr-Weisskopf and Breit-Rosenthal-Crawford-
Schawlow.

Table 3. Experimental and theoretical values 
for the D/lc,m (10-4/fm2)  for the valence states 
of the 205Tl: single-configuration Dirac-Fock 
(DF), relativistic cluster-coupled method with 
accounting the finite size effect (ARCC-FS) and 
nuclear-QED theory (AN-QED) 

Method/State 6p1/2 6p3/2 7s1/2

(D/lc,m)DF -2.26 - -7.95

(D/lc,m)RCC+FS -2.48 43.0 -7.62

(D/lc,m)N-QED -2.4735 42.68 -7.54

Experiment 
D  
lc,m 

-2.4762
-1.04
0.42

42.79
16.26
0.38

-7.56
-3.4(18)
0.45(24)

References

1. Letokhov V. S., Non-linear selective 
photoprocesses in atoms and molecules.-
Moscow: Nauka, 1987.- 380 P.

2. Klaft I., Borneis S., Engel T., Fricke B., 
Grieser R., Huber G., Kuhl T., Marx  D., 
Neumann R., Schroder S., Seelig P., 
Volker L. Precision laser spectroscopy 
of  ground state hyperfine splitting of 
Н-like 209Bi82+ // Phys.Rev.Lett.-1994.-
Vol. 73.-P. 2425-2427.

3. Glushkov A.V., Relativistic and cor-
relation effects in spectra of atomic 
systems.-Odessa: Astroprint, 2006.-
400 P.

4. Glushkov A.V., Khetselius O.Yu., Am-
brosov S.V., Loboda A.V., Gurnitskaya 
E.P., QED calculation of heavy ions 
with account for  the correlation, radia-
tive and nuclear effects // Recent Adv. 
in Theor. Phys. and Chem. Systems 
(Springer). - 2006.-Vol. 15.-P. 285-300.

5. Glushkov A. V., Khetselius O. Yu., Am-
brosov S. V., Loboda A. V., Chernyako-



150

va Yu.G., Svinarenko A. A., QED calcu-
lation of the superheavy elements ions: 
energy levels, radiative corrections 
and hfs for different nuclear models// 
Nucl. Phys.A.: Nucl.and Hadr. Phys. 
–2004.-Vol.734.-P. 21-28.

6. Freeman A. J., Frankel R. H., Hyper-
fine interactions.-N-Y.: Plenum, 1987.-
340P.

7. Nagasawa T., Haga A., Nakano M., 
Hyperfine splitting of hydrogenlike at-
oms based on relativistic mean field 
theory // Phys.Rev.C.-2004.-Vol.69.-
P.  034322:1–10.

8. Tomaselli M, Kuhl T., Nortershaus-
er W., Borneis S., Dax A., Marx D, 
Wang H,  Fritzsche S., Hyperfine split-
ting of hydrogenlike thallium // Phys.
Rev.A-2002.-Vol. 65.-P. 022502.

9. Tomaselli M., Kuhl T., Seelig P., Hol-
brow C. and Kankeleit E., Hyperfine 
splittings of hydrogenlike ions and the 
dynamic-correlation model for one-hole 
nuclei // Phys.Rev.C.-1998.-Vol.58, 
N3.-P. 1524-1534.

10. Tomaselli M., Schneider S. M., Kanke-
leit E., Kuhl T., Ground state magneti-
zation of 209Bi in a dynamic-correlation 
model // Phys.Rev.C.-1995.-Vol. 51, 
N 6.-P. 2989-2997.

11. Benczer-Koller N., The role of mag-
netic moments in the determination of 
nuclear wave functions of short-lived 
excited states // J.Phys.CS.-2005.-
Vol. 20.-P. 51-58.

12. Bieron J., Pyykko P., Degree of accu-
racy in determining the nuclear electric 
quadrupole moment of radium // Phys.
Rev. A.- 2005.-Vol. 71.-P. 032502.

13. Derevianko A., Porsev S. G., Dressing 
lines and vertices in calculations of ma-
trix elements with the coupled-cluster 
method and determination of Cs atom-
ic properties // Phys.Rev. A.-2005.-
Vol.71.-P. 032509.

14. Safronova M. S., Johnson W. R., Sa-
fronova U. I., Excitation energies, hy-
perfine constants, E1,E2,M1 transition 

rates and lifetimes of 6s2nl states in TlI 
and PbII // Phys.Rev.A.-2005.-Vol. 71.-
P. 052506. 

15. Martensson A. M., Gouch D. S., Hana-
ford P., Relativistic coupled-cluster ap-
proach to hyperfine structure of Tl atom 
// Phys. Rev.A.1993 -.Vol. 49.-P. 3351-
3360. 

16. Martensson A. M., Magnetic moment 
distributions in Tl nuclei // Phys. Rev. 
Lett.-1995.-Vol. 74.-P. 2184-2188. 

17. Khetselius O. Yu., Hyperfine structure 
of atomic spectra.-Odessa: Astropritn, 
2008.-210 P.

18. Khetselius O. Yu., Relativistic perturba-
tion theory calculation of the hyperfine 
structure parameters for some heavy-
element isotopes // Int. Journ. of Quan-
tum Chemistry.-2009.-Vol. 109.- N14.-
P.  3330-3335

19. Khetselius O. Yu., Gurnitskaya E. P., 
Sensing the electric and magnetic mo-
ments of a nucleus in the N-like ion 
of Bi // Sensor Electr. and Microsyst. 
Tech.- 2006.-N 3.-P. 35-39.

20. Khetselius O. Yu., Gurnitskaya E. P., 
Sensing the hyperfine structure and 
nuclear quadrupole moment for ra-
dium // Sensor Electr. and Microsyst. 
Techn.-2006.-N 2.-P. 25-29.

21. Glushkov A. V., Khetselius O. Yu., Gur-
nitskaya E. P., Florko T. A., Sensing of 
nuclei available in little quantities by 
means of laser spectroscopy of hyper-
fine structure for isotopes: new theoreti-
cal scheme (U ,Hg) // Sensor Electr. and 
Microsyst. Techn.- 2007.-N 3.-P. 21-26.

22. Khetselius O. Yu., On possibility of 
sensing nuclei of the rare isotopes by 
means of laser spectroscopy of hyper-
fine structure // Sensor Electr. and Mi-
crosyst. Techn.-2007.-N4.-P. 11-16.

23. Khetselius O. Yu., Hyperfine structure 
of energy levels for isotopes 73Ge, 75As, 
201Hg // Photoelectronics.-2007.-N16.-
P. 129-132.

24. Khetselius O. Yu., Hyperfine structure 
of radium // Photoelectronics.-2005.- 



151

N14.-P.83-85.
25. Khetselius O.Yu., Quantum structure 

of electroweak interaction in heavy fi-
nite ermi-systems.-Odessa: Astroprint, 
2011.

26. Serot B. D., Advances in Nuclear 
Physics Vol. 16: The Relativistic 
Nuclear Many Body Problem / Serot 
B.  D., Walecka J. D.-Plenum Press, 
New York, 1986.

27. Burvenich T. J., Evers J., Keitel C. H., 

Dynamic nuclear Stark shift in su-
perintense laser fields // Phys.Rev.C.- 
2006.-Vol.74.-P. 044601-1-044601-10.

28. Dikmen E., Novoselsky A., Vallieres 
M., Shell model calculation of low-ly-
ing states of 110Sb // J.Phys.G.:  Nucl.
Part. Phys.- 2007.-Vol. 34.-P. 529-535.

29. Sobel’man I. I. Introduction to theory of 
atomic spectra.-Moscow: Nauka.- 1977.

30. Radtsig A. A.,Smirnov B. M., Parame-
ters of atoms and ions. – Moscow, 1986.

The article is received in editorial 15.07.2013
UDС 539.184

O. Yu. Khetselius

HYPERFINE STRUCTURE PARAMETERS OF THE HEAVY ISOTOPES: CONSISTENT 
NUCLEAR-QED THEORY

Abstract
It is presented the new, consistent theoretical nuclear-QED approach to estimating parameters of 

the hyperfine structure of the heavy isotopes, which is based on the relativistic mean field theory  of 
a nucleus and QED perturbation theory. The hyperfine structure parameters for the heavy isotopes of 
205Tl and 169Tm   are calculated. The theoretical values of the relative contribution into the hyperfine 
structure due to the effect of the distribution of the magnetic moment of the nucleus are listed too.  
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ПАРАМЕТРЫ СВЕРХТОНКОЙ СТРУКТУРЫ ТЯЖЕЛЫХ ИЗОТОПОВ В РАМКАХ  
ПОСЛЕДОВАТЕЛЬНОЙ ЯДЕРНО-КЭД ТЕОРИИ  

Резюме
Представлен новый, последовательный теоретический ядерно-КЭД подход к оценке па-

раметров сверхтонкой структуры тяжелых изотопов, основанный на релятивистской теории 
среднего поля ядра и КЭД теории возмущений. Рассчитаны параметры сверхтонкой структуры 
спектров тяжелых изотопов 205Tl  и  169Tm. Также приведены оценки теоретических значений 
относительного вклада в значения параметров сверхтонкой структуры вследствие эффекта рас-
пределения магнитного момента в ядре.

Ключевые слова:  сверхтонкая структура, тяжелые изотопы, ядерно-КЭД теория 
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О. Ю. Хецелiус

ПАРАМЕТРИ НАДТОНКОЇ СТРУКТУРИ ВАЖКИХ ІЗОТОПІВ В РАМКАХ 
ПОСЛІДОВНОЇ ЯДЕРНО-КЕД ТЕОРІЇ  

Резюме
Розвинуто новий послідовний теоретичний ядерно-КЕД підхід до оцінки параметрів над-

тонкої структури важких  ізотопів, який базується на релятивістській теорії середнього поля 
ядра і КЕД теорії збурень. Розраховані параметри надтонкої структури спектрів важких ізото-
пів 205Tl і 69Tm. Також наведені оцінки  теоретичних значень відносного внеску до параметрів 
надтонкої структури завдяки ефекту розподілу магнітного моменту в ядрі. 

Ключові слова: надтонка структура,  важкі ізотопи, ядерно-КЕД теорія
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ІНФОРМАЦІЯ ДЛЯ АВТОРІВ НАУКОВОГО 
ЗБІРНИКА «PHOTOELECTRONICS»

У збірнику «Photoelectronics» друкуються статті, які містять результати  наукових до-
сліджень та технічних розробок у таких напрямках: 

•	 Фізика напівпровідників, гетеро- і низькорозмірні структури;
•	 Фізика мікроелектронних приладів;
•	 Квантова оптика і спектроскопія ядер, атомів, молекул та твердих тіл;
•	 Оптоелектроніка , квантова електроніка і сенсоріка;
•	 Фотофізика ядра, атомів, молекул;
•	 Взаємодія інтенсивного лазерного випромінювання з ядрами, атомними системами, ре-

човиною.
Збірник включено до Переліку спеціальних видань ВАК України з фізико-математичних 

та технічних наук.
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